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ABSTRACT
A S Y M M E T R I C  H O M O G E N E O U S  H Y D R O G E N A T I O N  
WITH RHODIUM(I) COMPL E X E S  
OF CHIRAL P H O S P H I N E S  
by
R OBERT E D W A R D  B U R N E T T
The a s y m m e t r i c  h o m o g e n e o u s  h y d r o g e n a t i o n  of carbon-
carbon do u b l e  bon d s  with c a t a l y s t s  p r e p a r e d  from rhodium(l)
c o m p l e x e s  of chiral p h o s p h i n e s  is discussed.
F ive new chiral p h o s p h i n e s  were s y n t h e s i z e d  by the
r e a c t i o n  of l i t h i u m  d i p h e n y l p h o s p h i d e  with o p t i c a l l y  active
alkyl halides. A sixth ligand was s y n t h e s i z e d  from d i p h e n y l -
p h o s p h i n o u s  c h l o r i d e  and o p t i c a l l y  active N - e t h y l - a - m e t h y l -
benz y l a m i n e .  T h e s e  ligands, which are chiral at carbon, have
*
the g e neral s t r u c t u r e  P h 2 PR.
When a l l o w e d  to react w i t h  , u - d i c h l o r o t e t r a e t h y l e n e -
dir h o d i u m ( l )  in e t h a n o l - b e n z e n e ,  these p h o s p h i n e s  form cata-
lytic a l l y  ac t i v e  species in solution, p r e s u m a b l y  of the type 
*
(P h 2 P R ) 2 ^ h C l . H y d r o g e n a t i o n  of 2 - p h e n y l - l - b u t e n e  and a t r o p i c  
acid with these c a t a l y s t s  gives o p t i c a l l y  a c t i v e  p r o d u c t s  in 
every case.
x
One of these complexes, t r i s ( n e o m e n t h y l d i p h e n y l p h o s ­
phine) r h o d i u m ( I ) chloride, is e x c e p t i o n a l l y  e f f e c t i v e  as an 
a s y m m e t r i c  h o m o g e n e o u s  h y d r o g e n a t i o n  catalyst. R e d u c t i o n  of 
2 - p h e n y l - l - b u t e n e  at room t e m p e r a t u r e  under one a t m o s p h e r e  
of h y d r o g e n  gives ( - ) - 2 - p h e n y l b u t a n e  having 6 . 6 $  e n a n t i o m e r i c  
e x c e s s  of the R isomer. H y d r o g e n a t i o n  of a series of a , (3 
u n s a t u r a t e d  acids in a 1:1 e t h a n o l - b e n z e n e  s o l u t i o n  of p r e ­
r e d u c e d  t r i s ( n e o m e n t h y l d i p h e n y l p h o s p h i n e ) r h o d i u m ( I ) chloride 
c o n t a i n i n g  t r i e t h y l a m i n e  is reported. The h y d r o g e n a t i o n s  
w ere ca r r i e d  out at 300 psi of h y d r o g e n  pressure, at 60° over 
a pe r i o d  of 24 hr. M o n o -  and d i s u b s t i t u t e d  a c r y l i c  aci d s  are 
re d u c e d  with r e m a r k a b l e  s t e r e o s e l e c t i v i t y  ( 1 2 - 5 2 $  e.e.). Di- 
c a r b o x y l i c  acids e i t h e r  do not reduce or reduce with low 
s t e r e o s e l e c t i v i t y  (0-5$ e.e.).
I N T R O D U C T I O N
T he a s y m m e t r i c  h y d r o g e n a t i o n  of double bon d s  (C=0,
C=N, C=C) may be d i v i d e d  int o  two m ain classes. The u n s a t u ­
r a t e d  c o m p o u n d  may c ontain a chiral center, w h i c h  ca u s e s  
h y d r o g e n  to add p r e f e r e n t i a l l y  to one d i a s t e r e o t o p i c  f ace of 
the double b ond or the h y d r o g e n  m a y  be t r a n s f e r r e d  f rom a 
c h i r a l  c a t a l y s t  t h r o u g h  a d i a s t e r e o m e r i c  t r a n s i t i o n  state 
that p r e f e r e n t i a l l y  a d d s  to one of the e n a n t i o t o p i c  f a c e s  of 
the a c h i r a l  u n s a t u r a t e d  compound.
A number of a s y m m e t r i c  h y d r o g e n a t i o n s  have bee n  a t ­
t e m p t e d  using m e t a l s  d e p o s i t e d  on d i s s y m m e t r i c  s u p p o r t s  as 
1-3c a talysts. A t y p i c a l  e x a m p l e  is the h y d r o g e n a t i o n  of an
a , 0 - u n s a t u r a t e d  c a r b o x y l i c  a c i d  w i t h  p a l l a d i u m  on silica gel
that had been p r e t r e a t e d  with an a l k a l o i d  and then all the
4
a l k a l o i d  was l e a c h e d  out. H y d r o g e n a t i o n  of a - m e t h y l c i n n a m i c  
ac i d  over this c a t a l y s t  gave chiral 2 - m e t h y l - 3 - p h e n y l p r o p a n o i c  
a c i d  ( 1 . 7 - 3 . 2% e.e.). If the p a l l a d i u m  was d e p o s i t e d  on a
c h i r a l  p o l y p e p t i d e  support, such as p o l y - S - l e u c i n e , the de-
5 , .
gree of a s y m m e t r i c  h y d r o g e n a t i o n  was g reater ( Figure 1).
The h y d r o g e n a t i o n  of chiral u n s a t u r a t e d  s u b s t a n c e s  
may result in the f o r m a t i o n  of an ex c e s s  of one of the d i a ­
s t e r e o m e r i c  products. The a s y m m e t r i c  r e d u c t i o n  of the
1
2p h \  / CIS^ C = C ^  3 Pd / 5 *  PhC H  C HCH,CO H
H X C 0 2 H H 2 1 3 *
F i g u r e  1. H y d r o g e n a t i o n  of a - m e t h y l c i n n a m i c  acid uiith 
p a l l a d i u m  d e p o s i t e d  on a chiral support. S* 
is a p o l y p e p t i d e  or silica gel p r e t r e a t e d  
with an alkaloid.
a z o m e t h i n e  bon d  of i m i n o - c a r b o x y l a t e s  has b e e n  e x t e n s i v e l y  
s t u d i e d  as a me t h o d  for the a s y m m e t r i c  s y n t h e s i s  of amino  
acids, since chiral p r e c u r s o r s  are r e a d i l y  a v a i l a b l e  from 
e i t h e r  the r e a c t i o n  of a chiral a - k e t o e s t e r  with an a c h i r a l  
ami n e  or a chiral ami n e  and an a c h i r a l  a - k e t o e s t e r ^
( F i g u r e  2). The i n d u c i n g  chiral center can us u a l l y  be re-
R ' m *
N = C .  __2jv R C H N ( H ) R ' C 0 7 R"
x c o 2 r "
F i g u r e  2. H y d r o g e n a t i o n  of chiral imines. R' a n d / o r  R" 
chiral groupings.
mov e d  by h y d r o l y s i s  of the est e r  or h y d r o g e n o l y s i s  of a 
be n z y l a m i n e .  The removal of the i n d ucing center, as in the 
r e d u c t i o n  of chiral es t e r s  of p - m e t h y l c i n n a m i c  acid, can 
p r o v i d e  a c l e a r e r  u n d e r s t a n d i n g  of the nature of the asym- 
m e t r i c  h y d r o g e n a t i o n  p rocess ( F igure 3).
Ph ,H H
C = C  "2. P h C H C H ^ C H _ C 0 7 R*  ^  P h C H C H - C H o C 0 7H
CH3 NC02R* * 2 r 2
Fi g u r e  3. H y d r o g e n a t i o n  of chiral es t e r s  of p - m e t h y l c i n n a m i c  
a c i d  with h y d r o l y s i s  to the r e s u l t i n g  chiral acid. 
R* is a chiral alcohol.
3W h e n  Ran e y  nickel was m o d i f i e d  with chiral a m i n o  
acids, e.g., S - a l a n i n e  and S - g l u t a m i c  acid, or chiral h y d r o x y  
acids, e.g., 2 - R , 3 - R - t a r t a r i c  acid, a c t i v a t e d  c a r b o n y l  c o m ­
p o u n d s  could be r e d u c e d  with s t e r e o s e l e c t i v i t i e s  t y p i c a l l y  
f rom 0 - 2 7 %  e.e., and in the case of me t h y l  a c e t o a c e t a t e  as 
high as 5 0 %  e.e. has bee n  observed. The de g r e e  of a s y m m e t r i c  
h y d r o g e n a t i o n  o b t a i n e d  with these catalysts, however, is 
g e n e r a l l y  s e n s i t i v e  to small c hanges in the pH, temperature,  
or m e t h o d  of p r e p a r a t i o n  of the catalyst.
R e c e n t l y  the r e d u c t i o n  of imine, alkene, and c a r b o n y l
9
d o u b l e  b o n d s  by a s o l u b l e  cobalt c a t a l y s t  was reported.
Wh e n  this c a t a l y s t  was m o d i f i e d  with quinine, be n z i l  cou l d  be
r e d u c e d  to b e n z o i n  with up to 5 1 . 5 %  e.e. of the S i s o m e r . ^
The h o m o g e n e o u s  h y d r o g e n a t i o n  of c a r b o n y l  c o m p o u n d s  has also
b een o b s e r v e d  with t r i s ( t r i p h e n y l p h o s p h i n e ) t r i h y d r i d o i r i d i u m -
(III), (Ph p) I r ( H ) „ , ^  and the c a t i o n i c  t e t r a k i s ( t r i p h e n y l -
-  12
p h o s p h i n e )r h o d i u m ( I ) perc h l o r a t e ,  (P h ^ P )^ R h + ,CIO^, h o w e v e r  
these s y s t e m s  have yet to be m o d i f i e d  wit h  chiral ligands.
The d i s c o v e r y  in the past decade of v e r y  active 
r h o d i u m - p h o s p h i n e  catalysts, c o u p l e d  with the p r e p a r a t i o n  of 
a number of t e r t i a r y  chiral p h o s p h i n e s  of f e r e d  an e x c e l l e n t  
o p p o r t u n i t y  for the study of a s y m m e t r i c  h y d r o g e n a t i o n s .  It 
is of i m p o r t a n c e  to d e s c r i b e  b r i e f l y  the nature of the 
o r i g i n a l  W i l k i n s o n  catalyst, ( P h ^ P ^ R h C l ,  as an i n t r o d u c t i o n  
to the d i s c u s s i o n  of c a t a l y s t s  of this type c o n t a i n i n g  chiral 
ligands.
413In 1939, Iguti r e p o r t e d  the first a c t i v a t i o n  of 
m o l e c u l a r  h y d r o g e n  by s o luble r h o d i u m  complexes. The cat a ­
l y t i c  r e d u c t i o n  of q u i n o n e  and f u m a r i c  aci d  was a c c o m p l i s h e d  
in a q u e o u s  s o l u t i o n s  of Q R h ( NH^) 1^0) and [ ^ ( N H g J ^ C ^ l c i .
However, t r a c e s  of m e t a l l i c  r h o d i u m  were re a d i l y  f o r m e d  under 
th e s e  c o n d i t i o n s  and the p o s s i b i l i t y  for h e t e r o g e n e o u s  c a t a l y ­
sis s hadows the c r e d i b i l i t y  of these results.
14It was not until 1964, when G i l l a r d  e_t a_l began 
p r e p a r i n g  s i m i l a r  c o m p l e x e s  with p y r i d i n e  that any real p r o g ­
r e s s  toward a m e c h a n i s t i c  u n d e r s t a n d i n g  of their role in 
h o m o g e n e o u s  h y d r o g e n a t i o n s  was achieved. It was o b s erved  
tha t  the p r e p a r a t i o n  of transf R h p y ^ C l o l C l  (_3) from 1,2,6- 
t r i c h l o r o t r i p y r i d i n e r h o d i u m (  1 1 1 ) (1.) was catal y z e d  by h y d r o ­
gen (Figure 4). The r e a c t i o n  was p r e s u m e d  to p r o c e e d  through 
a r hodium h ydride i n t e r m e d i a t e  (2)*
py py py
i?y -Cl p y Cl py-
/  Rh /  /  Rh /  /
-Cl
C l ---- i—  Cl Cl H Cl-
h /  
— py
py py py
1 2  3
F i g u r e  4. H y d r i d e  c a t a l y z e d  p r e p a r a t i o n  of 
tjjans. [ R h p y ^  C 1 2  ] C 1.
T o  test the c r e d i b i l i t y  of such a h y dride i n t e r ­
mediate, the h y d r o g e n  c a t a l y z e d  r e d u c t i o n  of 1 to 3 was c o n ­
d u c t e d  in the p r e s e n c e  of 1-hexene. The solution slowly 
took up m o l e c u l a r  h y d r o g e n  a n d  the olefin was c o n v e r t e d  to
5n-hex a n e .  F u r t h e r  e x p e r i m e n t s  sh o w e d  that when the r e a ction 
was s t opped prior to c o m plete r e d u c t i o n  some of the olefin 
was i s o m e r i z e d  to t r a n s - 2 - h e x e n e .  These e x p e r i m e n t s  only i n ­
fe r r e d  the e x i s t e n c e  of 2, h o w e v e r  they f i r m l y  e s t a b l i s h e d  
the c a t a l y t i c  a c t i v i t y  of s o l u t i o n s  of This c a t a l y t i c  
a c t i v i t y  p r o mpted similar i n v e s t i g a t i o n s  with r h o d i u m  c o m ­
pl e x e s  of t e r t i a r y  phosphines.
Initial e x p e r i m e n t s  were c o n d u c t e d  using t r i s ( t r i -
15
p h e n y l p h o s p h i n e )  rhodium( 1 1 1 ) t r i c h l o r i d e  (.4). It was later 
o b s e r v e d  that the p r e p a r a t i o n  of 4 in the p r e s e n c e  of excess 
t r i p h e n y l p h o s p h i n e  a f f o r d e d  the re d u c e d  c o mplex tris(tri- 
p h e n y l p h o s p h i n e ) r h o d i u m ( I ) c h l o r i d e  (J5)^ ( E q u a t i o n  1).
(1) ( P h 3P ) 3R h C l 3 + P h 3P ____ ^  ( P h 3P ) 3 RhCl + P h 3P C l 2
(1) (5)
This new complex has p r o v e d  to be a most e f f e c t i v e  
ca t a l y s t  for the h o m o g e n e o u s  h y d r o g e n a t i o n  of a v a r i e t y  of 
olefins. jhe rate of h y d r o g e n a t i o n  is c o m p a r a b l e  to
that observed with Raney nickel or A d a m ' s  catalyst, but the 
s e l e c t i v i t y  is much greater. At normal t e m p e r a t u r e s  and 
pressures: (a) t e r minal a l k e n e s  are r e duced more r a pidly
than inter n a l  alkenes; (b) cis a l k e n e s  are reduced faster 
than the cor r e s p o n d i n g  tr a n s  isomers; (c) t r i s u b s t i t u t e d  o l e ­
f ins are reduced very slowly; (d) c o n j u g a t e d  o l efins are 
g e n e r a l l y  not reduced; (e) s u b s t r a t e s  which react wit h  the 
c a t a l y s t  to form rhodium(IIl) c o m p o u n d s  are not hyd r o g e n a t e d .
6C a r b o n - c a r b o n  do u b l e  bonds can be s e l e c t i v e l y  re d u c e d  in the
P , i. 20,21 17,18 17,20 17p r e s e n c e  of keto- , cyano- ’ , m t r o -  ’ , azo- ,
, 17,22 . n . . .17,22,23 24ester ’ , c a r b o x y l i c  a c i d  * and a l d e h y d e  groups.
Some p r o b l e m s  that are f r e q u e n t l y  e n c o u n t e r e d  uiith
h e t e r o g e n e o u s  catalysis, for e x ample h y d r o g e n o l y s i s  of labile
groups and c a t a l y s t  poiso n i n g ,  e s p e c i a l l y  by sulfur compounds,
25 95 9 Ado not occur. B e n z y l  e t h e r s  , es t e r s  , a m i n e s  and
o c
t hiols a r e  stable to h y d r o g e n o l y s i s  with this catalyst.
M i x e d  r e s u l t s  have been o b t a i n e d  with halides. Benzyl b r o m i d e  
is unaf f e c t e d ,  but t r e a t m e n t  of c i n namyl c h l o r i d e  (6) wit h  one
e q u i v a l e n t  of h y d r o g e n  p r o d u c e d  a m i x t u r e  of p r o d u c t s
, . 20 
(Figure 5) some of which r e s u l t e d  from h y d r o g e n o l y s i s .
P h C H 2 C H 2 C H 2 Cl 38$
P h C H = C H C H 2 Cl (P h g P )gRhCl P h C H 2 C H 2 C H 3 19$
6 H 2 P h C H = C H C H 3 35$
P h C H = C H C H 2 Cl 8$
F i g u r e  5. H y d r o g e n a t i o n  of c i n n a m y l  c h l o r i d e  with
t r i s ( t r i p h e n y l p h o s p h i n e ) r h o d i u m ( l )  chloride.
A l l y l  phenyl s u l f i d e  has been r e d u c e d  to n-propyl
phe n y l  s u l f i d e  with t r i s ( t r i p h e n y l p h o s p h i n e ) r h o d i u m ( I ) c h l o r i d e
2 6w i t h o u t  any n o t i c e a b l e  i n h i b i t i o n .  A d d i t i o n  of a large e x ­
cess of t h i o p h e n o l  does in h i b i t  the h y d r o g e n a t i o n  of olefins, 
p r o b a b l y  by c o m p l e x a t i o n  with the catalyst. However, in the 
p r e s e n c e  of a 2.5 molar exc e s s  of t h i o p h e n o l  h y d r o g e n a t i o n  p r o ­
ceeds at a r e a s o n a b l e  rate (Table 1).
7TABLE 1
RATE OF H O M O G E N E O U S  H Y D R O G E N A T I O N S  WIT H  ( P h 3P ) 3 RhCl 
IN THE P R E S E N C E  OF A D D E D  T H I O P H E N O L
S u b s t r a t e  R e d u c e d
Mol a r  R a t i o  
P h S H : ( P h 3 P ) 3RhCl




1 - o c t e n e 0 70 60
2.5:1 19 60
d e h y d r o l i n a l o o l 8 0 80 13
2.5:1 80 90
42:1 5 120
(a) In d e h y d r o l i n a l o o l , (C H ^ ) C H 2 )2 ^ ( O H ) ( C H 3 ) C = C H , 
r e d u c t i o n  occurs at the triple bond.
The fact that there is c a t a l y t i c  a d d i t i o n  of h y d r o g e n  
to an u n s a t u r a t e d  s u b s t r a t e  i n d i c a t e s  that the c a t a l y t i c a l l y  
a c t i v e  s p e c i e s  must be able to a c t i v a t e  both h y d r o g e n  and the 
s ubs t r a t e .  F u r t h e r m o r e ,  the t r a n s f e r  of h y d r o g e n  in this 
a c t i v a t e d  s p e c i e s  must be an e n e r g e t i c a l l y  f a v o r e d  process. 
A ny d i s c u s s i o n  of the m e c h a n i s m  s h o u l d  i n c l u d e  the d e t e r ­
m i n a t i o n  of (a) the c a t a l y t i c a l l y  a c t i v e  species; (b) the 
n a t u r e  a n d  the order in uuhich these ev e n t s  take place; ( c) 
the s t e r e o c h e m i s t r y  of h y d r o g e n  addition.
The a p p a r e n t  m o l e c u l a r  w e i g h t  of t r i s ( t r i p h e n y l p h o s -  
phine) rhodium( I ) c h l o r i d e  (_5) in s o l u t i o n  is constant, over 
a range of c o n c e n t r a t i o n s ,  and is a b o u t  one half the e x p e c t e d  
value. S o l u t i o n s  of J5 do not s how c o n d u c t a n c e  and react 
q u a n t i t a t i v e l y  with c a r b o n  monoxide, ethylene, t e t r a f l u r o -  
e t h y l e n e  and pyridine, f o rming c o m p l e x e s  of the type
0( P h 3P ) 2 R h ( C l ) L  (L=CO, C 2H 4 , C 2F 4 a n d  C g H g N ) . 17 These r e ­
s u l t s  have b e e n  i n t e r p r e t e d  to mea n  that Ei d i s s o c i a t e s  c o m ­
p l e t e l y  in s o l u t i o n  to form the c o o r d i n a t i v e l y  u n s a t u r a t e d  
b i s ( t r i p h e n y l p h o s p h i n e ) r h o d i u m ( I ) c h l o r i d e  (2) and tri- 
p h e n y l p h o s p h i n e  and that 1_ is the c a t a l y t i c a l l y  ac t i v e 
s p e c i e s  ( E q u a t i o n  2). The c o m p l e x  1_ reacts r e v e r s i b l y  with
(2) ( P h 3P ) 3RhCl ( P h 3P ) 2RhCl + P h 3P
(5) (7)
one e q u i v a l e n t  of h y d r o g e n  to form a d i h y d r i d o - c o m p l e x .  The 
nmr s p e c t r u m  of the d i h y d r i d o - c o m p l e x  is r e a d i l y  i n t e r p r e t e d  
in t e r m s  of an o c t a h e d r a l  cis d i h y d r i d o - c o m p l e x  s t r u c t u r e  
(_8), where H g but not shows a d o u b l e t  c h a r a c t e r i s t i c  of 
tr a n s  H-^^P c o u p l i n g  ( Figure 6). K i n e t i c  data could not
Cl
a
F i g u r e  6. H g trans to P' and cis to P", cis to 
P' a n d  P", P is P h 3P, S is solvent.
d i s t i n g u i s h  b e t w e e n  the f o r m a t i o n  of the o l e f i n - h y d r i d o  c o m ­
plex (,9) from a t t a c k  of ol e f i n  on _8 or attack of h y d r o g e n  on 
the ol e f i n  complex. However, a series of e x p e r i m e n t s  e m p l o y ­
ing hydrogen, e t h y l e n e  and s o l u t i o n s  of t r i s ( t r i p h e n y l -
9p hosphine) rhodium( I ) c h l o r i d e  (J5) d e m o n s t r a t e d  that the 
o l e f i n - c o m p l e x  is inert to h y d r o g e n  while the d i h y d r i d o -  
co m p l e x  (_§) r e a c t s  r e a d i l y  with ol e f i n s  to f o r m  _9 which then
c o l l a p s e s  to p r o d u c t s  ( Figure 7). 17
H
Rh /  + C H 9=CRR






 =- /  Rh /  + C H - C H R R 1
P------- Cl J
F i g u r e  7. A t t a c k  of o l e f i n  on the d i h y d r i d o - c o m p l e x .
S is solvent; P is PhjP; R a n d / o r  R' are 
aryl, a l k y l  or hydrogen.
The a d d i t i o n  of d e u t e r i u m  was shown to occur w i t h o u t
s c r ambling. There f o r e ,  the o b s e r v a t i o n  that the r e d u c t i o n  of
m a l e i c  acid with t r i s ( t r i p h e n y l p h o s p h i n e ) r h o d i u m ( I ) c h l o r i d e
gave mes o  1 , 2 - d i d e u t e r o s u c c i n i c  a c i d  and that f u maric a cid
gave r a cemic 1 , 2 - d i d e u t e r o s u c c i n i c  acid sh o w e d  that the addi-
17tion o c c u r r e d  in a c i s - c o n c e r t e d  manner. F u r t h e r  e v i d e n c e  
for cis a d d i t i o n  of d e u t e r i u m  was o b t a i n e d  by the p a r t i a l  r e ­
d u c t i o n  of 2-hexyne. The r e a c t i o n  was found to p r oceed s t e p ­
wise to form a l k e n e  which is then f u r t h e r  r e d u c e d  to alkane. 
A n a l y s i s  of the a l k e n e  p o r t i o n  showed that it conta i n e d 
g r e a t e r  than 9S% of the cis isomer. Thi s  r e p r e s e n t s  a m i n i m u m
10
value for the s t e r e o s e l e c t i v i t y ,  since the cis isomer is more 
r a p i d l y  r e d u c e d  than the trans isomer.
Sin c e  the o r i ginal uuork of the W i l k i n s o n  group, many 
other w o r k e r s  have u t i l i z e d  it in organic s y n t h e s i s  and as a 
re s u l t  h ave more c l o s e l y  d e f i n e d  the scope and l i m i t a t i o n s  
of this c a t a l y s t  system.
27D j e r a s s i  and G u t z w i l l e r  i n v e s t i g a t e d  the s u i t a b i l i t y  
of tris( t r i p h e n y l p h o s p h i n e )  rhodium( I ) c h l o r i d e  (J5) for the 
h y d r o g e n a t i o n  of steroids. The y  o b s e r v e d  that u n h i n d e r e d  
d i s u b s t i t u t e d  d o u b l e - b o n d s  are s e l e c t i v e l y  r e duced in high 
yield. A s t r i k i n g  ex a m p l e  of this s e l e c t i v i t y  is the h y d r o ­
ge n a t i o n  o f / ^ 1 ’^ (.9) and ^ - a n d r o s t a d i e n e - 3 , 1 7 - d i o n e s  (10) 
where both i s o m e r s  a f f o r d  only ^ - a n d r o s t e n e - 3 , 1 7 - d i o n e  (11) 




S i m i l a r  e x a m p l e s  of r e m a r k a b l e  s e l e c t i v i t y  are the
q u a n t i t a t i v e  h y d r o g e n a t i o n  of only the 1,2 d o u b l e - b o n d  in
28 2912 and the termi n a l  d o u b l e - b o n d  in _13 .
W h i l e  p s i l o s t a c h y i n e  (.14) and c o n f e r t i f l o r i n  (.15) are
re a d i l y  h y d r o g e n a t e d  by t r i s ( t r i p h e n y l p h o s p h i n e ) r h o d i u m ( I )
11
H 'C02 C H 3
(12) (13)
chloride, damsin (.16) is not reduced but is instead isom-
30erized to isodamsin (,17)« Since the catalyst itself, in
o





the absence of hydrogen, does not cause isomerization and 
since bis(triphenylphosphine)bis(dideutero)rhodium(111) 
chloride isomerizes damsin quantitatively to isodamsin-d-^,
12
the i s o m e r i z a t i o n  was p o s t u l a t e d  to p r o c e e d  through an 
a l k y l r h o d i u m  hy d r i d e  int e r m e d i a t e .  H y d r o g e n a t i o n  was p o s t u ­
lated to also p r o c e e d  th r o u g h  this i n termediate.
Dat a  for the r e d u c t i o n  of a se r i e s  of c y c l o p r o p y l -
alkenes, s u m m a r i z e d  in Table 2, p r o v i d e s  f urther e v i dence
31for an a l k y l r h o d i u m  hy d r i d e  i n t e r m e d i a t e .  The i s o m e r i z a ­
tion is t h o u g h t  to p r o c e e d  by r e a r r a n g e m e n t  of a c y c l o p r o p y l -  
c a r b i n y l r h o d i u m  h y d r i d e  to the c o r r e s p o n d i n g  h o m o a l l y l r h o d i u m  




L3Rh-CH2CH2CB=CHCH3 ____ ^  L3Rh + CH3CH2CH=CHCH3
F i g u r e  8. R e a r r a n g e m e n t  of c y c l o p r o p y l c a r b i n y l r h o d i u m
h y d r i d e  to h o m o a l l y l r h o d i u m  hydride. L = P h 3 or Cl
The a d d i t i o n  of d e u t e r i u m  to a v a r i e t y  of subs t a n c e s  
27 32-34has been reported. ’ While this a d d i t i o n  had previ-
17ously been a s s u m e d  to occur in a c i s - c o n c e r t e d  manner,
recent work has i n d i c a t e d  that in c e r t a i n  cases, at least,
with t r i s ( t r i p h e n y l p h o s p h i n e ) r h o d i u m ( I ) chloride d e u t e r i u m
a d d i t i o n  is s e n s i t i v e  to catalyst concent r a t i o n ,  r e a c t i o n
35time and solvent. It was o b s e r v e d  that styrene in benzene 
or m e t h y l e n e  c h l o r i d e  a f f o r d e d  pure 1 , 2 - d i d e u t e r o e t h y l -  
benzene, c h a n g i n g  the solvent to c h l o r o f o r m  or 3:1 benze n e -
( p h 3P ) 3RhC l  C A T A L Y Z E D  R E D U C T I D M
S u b s t r a t e
IV (as)
t X ~  (70)
f x (99)
(93)
OF C Y C L O P R O P Y L A L K E N E S  
P r o d u c t s  (%)
LA
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e t h a n o l  i n c r e a s e d  the a m o u n t  of and d^ e t h y l b e n z e n e .
37-40O th e r  w o r k e r s  a l s o  not e d  this s o l v e n t  dependence. In
benzene, r e d u c t i o n  p r o c e e d e d  uiith a high degree of s t e r e o ­
s el e c t i v i t y ,  while the use of e t h a n o l  as a c o s o l v e n t  p r o m o t e d  
i s o m e r i z a t i o n  and d e u t e r i u m  s c r a mbling. However, p r e s a t u r a ­
tion of a b e n z e n e - e t h a n o l  s o l u t i o n  of _5 gave the act i v e  
d i h y d r i d o  s p e c i e s  and t r i p h e n y l p h o s p h i n e . T h e r e f o r e ,  the 
n o n s e l e c t i v i t y  was p o s t u l a t e d  to result f rom an olefin c o m ­
plex of the u n d i s s o c i a t e d  t r i s ( t r i p h e n y l p h o s p h i n e ) r h o d i u m ( I ) 
chloride.
H u s s e y  and T a k e u c h i ^ ’^  in an e l e g a n t  m e c h a n i s t i c  
study with a series of d i m e t h y l c y c l o h e x e n e s  sh o w e d  that the 
attack of olefin on the d i d e u t e r o ( d i h y d r i d o ) - c o m p l e x  (18) 
was r e v e r s i b l e  ( F i g u r e  9). The a u t h o r s  specify, however, 
that for most m o n o - a n d  d i s u b s t i t u t e d  d o u b l e - b o n d  systems, in 
a p r a c t i c a l  sense, the f o r m a t i o n  of c o m p l e x e s  with _18 can be 
c o n s i d e r e d  i r r e v e r s i b l e  and the t r a n s f e r  of h y d r o g e n  can be 
c o n s i d e r e d  to be concerted.
D u r i n g  the co u r s e  of this i n v e s t i g a t i o n  and in one 
case s u b s e q u e n t  to its completion, a num b e r  of r eports a p ­
p e a r e d  d e s c r i b i n g  si m i l a r  work. The i n i t i a l  st u d i e s  of 
a s y m m e t r i c  h y d r o g e n a t i o n  w ith soluble r h o d i u m  catal y s t s  c o n ­
c e n t r a t e d  upon the use of t e r t i a r y  p h o s p h i n e  l igands that 
were chiral at phos p h o r u s .  For example, the h y d r o g e n a t i o n  
of a - e t h y l s t y r e n e  and a - m e t h o x y s t y r e n e  with a c a t a l y s t  p r e ­
p ar e d  f rom S - m e t h y l p r o p y l p h e n y l p h o s p h i n e  gave S - 2 - p h e n y l -
( L 2 X D 2 ) R h ( S )  + ( L 2 X D 2 ) R h | , , ,
( L 2X H D ) R h ( S )
D
(dj products)
(l 2x d )r




( d 2 products)
F i g u r e  9. M o d i f i e d  m e c h a n i s m  for the h y d r o g e n a t i o n  of a l k e n e s  w ith  
t r i s ( t r i p h e n y l p h o s p h i n e ) r h o d i u m ( I ) chloride.
CJ1
16




'C = C H  R h L 3 Cl H » ^ C - « C H 3
Ph' 2
H 2 Ph
F i g u r e  10. A s y m m e t r i c  h o m o g e n e o u s  h y d r o g e n a t i o n  of
a - s u b s t i t u t e d  styrenes; L* is S - m e t h y l p r o p y l -  
p h e n y l p h o s p h i n e ,  R is ethyl or methoxy.
Thi s  same c a t a l y s t  uuas r e p o r t e d  to reduce a t r o p i c  and 
i t a c o n i c  aci d s  to 2 - p h e n y l p r o p a n o i c  (21$ e.e.) and 2 - m e t h y l -
O *7
su c c i n i c  acid (3$ e.e.). In a later study, a t r o p i c  a c i d
was h y d r o g e n a t e d  with chiral c a t a l y s t s  p r e p a r e d  fro m  me t h y l -
p h e n y l c y c l o h e x y l , m e t h y l p h e n y l - s e c -butyl, and m e t h y l p h e n y l -
i s o p r o p y l p h o s p h i n e  to give o p t i c a l l y  active 2 - p h e n y l p r o p a n o i c
44
aci d  (3, 15 and 17.5$ e.e.) (Figure 11).
CH —  C ^ PH [CH„(Ph)Rp]-RhCl CH„CH(Ph) C0_H
2 \ c 0 u --- 0------- ---- »  ^ 1
H2
F i g u r e  11. The h o m o g e n e o u s  h y d r o g e n a t i o n  of a t r o p i c  acid 
w ith chiral c a t a l y s t s  p r e p a r e d  from chiral 
m e t h y l p h e n y l a l k y l p h o s p h i n e ; R is propyl, iso- 
propyl, s e c -b u t y l  and cyclohexyl.
Other r e d u c t i o n s  of a t r o p i c  acid with c a t a l y s t s  pre-
\ 45pared from chiral 4 - b i p h e n y l - l - n a p h t h y l p h e n y l p h o s p h i n e  (20).
9 3phenyldi( 2 - m e t h y l b u t y l )  p h o s p h i n e  (2_1) and 1 , 4 - d i p h e n y l p h o s -  
p h i n e - 2 , 3 - i s o p r o p y l i d e n e b u t a n e d i o l  (2 2 ) ^  have been reported. 





P h 2P C H 2 C H 2 P P h 2
22
P h P ( C H 2 C H ( C H 3 ) C H 2 C H 3 )2
21
uuith the p h e n y l d i a l k y l p h o s p h i n e  (2J.) r e d u c t i o n  gave 2-phe n y l -
p r o p a n o i c  a c i d  uuith only 1$ e n a n t i o m e r i c  excess. However,
whe n  the c a t a l y s t  was p r e p a r e d  f rom the d i p h o s p h i n e  (22), 2-
p h e n y l p r o p a n o i c  a cid of 63$ e n a n t i o m e r i c  excess was obtained.
Similarly, the r e d u c t i o n  of cc-acetamidocinnamic a c i d  and
a - p h e n y l a c e t a m i d o a c r y l i c  a cid with a c a t a l y s t  p r e p a r e d  from
22 gave R - N - a c e t y l p h e n y l a l a n i n e  (72 $  e.e.) and N - p h e n y l -
a c e t y l a l a n i n e  which gave R - a l a n i n e  (68$ e.e.) aft e r  hydrolysis.
R hod i u m ( l )  c o m p l e x e s  c o n t a i n i n g  pyridine and chiral
a m i d e s  have been use d  to c a t a l y z e  the a s y m m e t r i c  h y d r o g e n a t i o n
47,48of some a , 8 u n s a t u r a t e d  esters. The h i ghest a s y m m e t r i c
i n d u c t i o n  was o b s e r v e d  when (E.)-|3-methylcinnaniic a cid was h y ­
d r o g e n a t e d  with a c a t alyst p r e p a r e d  by the r e d u c t i o n  of 
( P y ) 3 R h C l 3 with s o d i u m  b o r o h y d r i d e  in the p r e s e n c e  of R-(+)- 
P h C H 3 CHI\IHCH0.
18
R E S U L T S  AND D I S C U S S I O N
In i n v e s t i g a t i n g  the p o s s i b i l i t y  of m o d i f y i n g  the
W i l k i n s o n  c a t a l y s t  uuith chiral p h o s p h i n e  l igands and the
ef f e c t  of such m o d i f i c a t i o n ,  the first m a j o r  c o n s i d e r a t i o n
has to be the a v a i l a b i l i t y  of these chiral ligands. At the
out s e t  the use of t e r t i a r y  p h o sphines, chiral at p h o s phorus,
was c o n s i d e r e d  since c o o r d i n a t i o n  wou l d  then occur at the
chiral center and it seemed r e a s o n a b l e  that this p r o x i m i t y
m i g h t  e n hance any a s y m m e t r i c  bias.
E a r l y  s y n t h e t i c  routes to t e r t i a r y  phosphines, chiral 
*
at p h o sphorus, ( R j ^ ^ P )  (.25) r e q u i r e d  the r e s o l u t i o n  of 
e i t h e r  the p h o s p h i n e  oxide ( R ^ R 2 R 2 P 0 ) o r » more c o m ­
monly, the q u a r t e r n a r y  p h o s p h o n i u m  salt (R 2 R 2 R 3 R 4 P+ X “ )
( 2 5 ) ^ .  It was r e p o r t e d  that c o n v e r s i o n  of .23 to the p h o s ­
phine oxide (.24) was a c c o m p l i s h e d  by c l e a v a g e  of R^ with
i r 1 Co
s o d i u m  h y d r o x i d e  or by the W i t t i g  r e a c t i o n  (Figure 12).
53T r i c h l o r o s i l a n e  r e d u c t i o n  of .24 gave the chiral p h osphine.
It was s u b s e q u e n t l y  r e p o r t e d  that c a t h o d i c  r e d u c t i o n  of .23
54gave 2b directly. W h a t e v e r  the me t h o d  of pre p a r a t i o n ,  the 
s t a r t i n g  m a t e r i a l  had to co n t a i n  R^, R 2  a n d  R 2  prior to r e s o ­
lution. In addition, s t a rting from 23 the ease of c l e a v a g e  
of R^ must be s i g n i f i c a n t l y  gr e a t e r  than that of the other 
three groups.
A se c o n d  a p p r o a c h  i n v o l v e d  the r e a c t i o n  of G r i g n a r d
1




F i g u r e  12. P r e p a r a t i o n  of chiral p h o s p h i n e s  from resolved 
p h o s p h o n i u m  salts.
55reagents uuith d i a s t e r e o m e r i c a l l y  pure m e nthyl phosphinates.
The resul t i n g  p h o s p h i n e  oxides could then be reduced uuith tri-
c h lorosilane. A l t h o u g h  this s e q uence a v o i d s  the neces s i t y  of
a c l a s s i c a l  resolution, the m u l t i - s t e p  s y n t hesis of the phos-
p h i n a t e  (Figure 13) uuas a c c o m p l i s h e d  in only 10% yield.
56Other w o r k e r s  s u b s e q u e n t l y  r e p o r t e d  a m ore direct p r e p a r a ­
tion of m e nthyl p h o s p h i n a t e s  (Figure 14), however, the yield 
of the d i a s t e r e o m e r i c a l l y  pure p h o s p h i n a t e  uu 0 still low (8%).
cided to utilize t e r t i a r y  p h o s p h i n e s  which were chiral at 
c a r b o n  and much more acce s s i b l e .  These p h o s p h i n e s  could be 
p r e p a r e d  d i r ectly by r e a cting the a p p r o p r i a t e  chiral alkyl 
halide with lithium d i p h e n y l p h o s p h i d e .  While this reaction
B e c a u s e  of these s y n t h e t i c  limitations, it was de-
is well d o c u m e n t e d 57 its use with chiral s u b s t r a t e s  had not
20
0
P h P C l 2 CH^OH P h P ( 0 C H 3 )2 CH^I ^  P h f ( C H 3 )0CH, 
CgHgN A r b u z o v
□
T
PCl c  PhP(CH ) Cl ( - ) - M e n t h o l  PhP( C H j O N e n t h y l  
 3  > 3
C 5H 5 N
0 0 
S e p a r a t i o n  of ^ 't
Ph *»P^I O W e n t h y l  RIY1 qX^ R ^ P-** Ph
d i a s t e r e o m e r s
CH_ CH
3 3
F i g u r e  13. P r e p a r a t i o n  of chiral p h o s p h i n e  oxides by 
r e a c t i o n  of G r i g n a r d  r e a g e n t s  uuith menthyl' 
p h o s p h i n a t e s .
0 0
* t
P h P C l 2 ( - )-IYIenthol; P h P ( C l ) O M e n t h y l  R|Y|qX;
c 5h 5n
0 0S e p a r a t i o n  of "t
P h P ( R ) O M e n t h y l   - - - - - - - - - - - - - >  P h >  P *  OMenthyl
d i a s t e r e o m e r s  I
R
F i g u r e  14. M o d i f i e d  p r e p a r a t i o n  of m e n t h y l  p h o s p h i n a t e s .
been r e p o r t e d  p r e v i o u s l y .  Sin c e  the only c o n d i t i o n  for 
a s y m m e t r i c  r e d u c t i o n  of an u n s y m m e t r i c a l  s u b s t r a t e  is that 
the c a t a l y s t  be chiral, l i gands uihich are d i s s y m m e t r i c  r e ­
mote f r o m  p h o s p h o r u s  a l s o  fu l f i l l  the r e q u i rement.
The P r e p a r a t i o n  of O p t i c a l l y  A c t i v e  P h o s p h i n e s
The p r e p a r a t i o n  of S - ( + ) - 2 - m e t h y l b u t y l d i p h e n y l p h o s -  
phine (26) was e f f e c t e d  fro m  S - ( + )- 2 - m e t h y l - l - b u t a n o l  (27) 
( F igure 15) in the f o l l o w i n g  manner. The a l c o h o l  was c o n ­
ve r t e d  to S - ( + ) - l - c h l o r o - 2 - m e t h y l b u t a n e  (2_8) in 61$ yield 
(90$ e.e.) by r e a c t i o n  with t h i o n y l  c h l oride and pyridine. 
The c h l o r i d e  was a l l o w e d  to react with li t h i u m  d i p h e n y l p h o s  
phide in t e t r a h y d r o f u r a n  to give _26 in 54$ yield.
CH , CH, CH,
! 3 I 3 I 3
H » C ^ C H „ 0 H  S0C 1 „  H * « C < - C H 0 C1 L i P P h 0 H ^ C ^ C H „ P P h _
I Z  Z  | Z  Z  i Z  Z
' CVHr-M^ 1  ^  I
CH2CH3 5 5 CH2CH3 CH2CH3
27 28 26
F i g u r e  15. P r e p a r a t i o n  of S - ( + )- 2 - m e t h y l b u t y l d i p h e n y l -  
ph osphine.
S - ( + )- 2 - P h e n y l b u t y l d i p h e n y l p h o s p h i n e  (.29) was p r e ­
pared s t a r t i n g  f rom 2 - p h e n y l b u t a n o i c  a cid ( F igure 16). 
R e s o l u t i o n  of the r a c e m i c  a c i d  with c i n c h o n i d i n e  gave S-(+) 
2 - p h e n y l b u t a n o i c  a c i d  (.30) in 90$ yield. L i t h i u m  a l u m i n u m  
h y d r i d e  r e d u c t i o n  of 310 gave S-( + ) - 2 - p h e n y l - l - b u t a n o l  (31) 
in 8 4 $  yield. The a l c o h o l  was c o n v e r t e d  to S - ( + )- 1 - c h l o r o -
22
2 - p h e n y l b u t a n e  (J32) in 80% yield (97 $  e.e.) by r e a c t i o n  uuith 
t h i o n y l  c h l o r i d e  and pyridine. The c h l o r i d e  was a l l o w e d  to 
r ea c t  with l i thium d i p h e n y l p h o s p h i d e  in t e t r a h y d r o f u r a n  to 
g ive 29 in 52% yield.
f
C H 3 C H 2C H ( P h ) C 0 2H C i n c h o n i d i n e  ^ P h ^ C - ^ C C ^ H










F i g u r e  16. P r e p a r a t i o n  of S - ( + )- 2 - p h e n y l b u t y l d i p h e n y l -  
p h o s p h i n e .
R - ( - ) - 3 - P h e n y l b u t y l d i p h e n y l p h o s p h i n e  (,33) was p r e ­
p a r e d  s t a r t i n g  from 3 - p h e n y l b u t a n o i c  a c i d  (Figure 17). R e s o ­
lu t i o n  of the r a c e m i c  a c i d  with R - ( + )- a - m e t h y l b e n z y l a m i n e  
g a v e  R - ( - ) - 3 - p h e n y l b u t a n o i c  a cid (34) in 7 0 %  yield. L i t h i u m  
a l u m i n u m  h y d r i d e  r e d u c t i o n  of J34 gave R - ( - ) - 3 - p h e n y l b u t a n o l  
(35) in 9 5 %  yield. The a l c o h o l  was c o n v e r t e d  to R - ( - ) - 1 - b r o m o -
H
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L i P P h „  P h * - C - « C H „ P P h
 2-> , 2
S 0 C 1 ?
23
3 - p h e n y l b u t a n e  (3jj) in 69% yie l d  ( 90% e.e.) by r e a c t i o n  with 
4 8 %  h y d r o b r o m i c  acid. The b r o m i d e  was a l l o w e d  to react with 
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F i g u r e  17. P r e p a r a t i o n  of R - ( - ) - 3 - p h e n y l b u t y l d i p h e n y l -  
p h osphine.
O p t i c a l l y  a c t i v e  2 - o c t y l d i p h e n y l p h o s p h i n e  (37) was 
p r e p a r e d  s t a rting f rom R - ( - ) - 2 - o c t a n o l  (.30) (Figure 18). In 
i n i t i a l  exp e r i m e n t s ,  the a l c o h o l  was resol v e d  as the h y d r o g e n  
p h t h a l a t e  with R - ( + )- a - m e t h y l b e n z y l a m i n e , later in the i n ­
v e s t i g a t i o n  o p t i c a l l y  a c t i v e  2 - o c t a n o l  became c o m m e r c i a l l y  
a v a i l a b l e .  The a l c o h o l  was c o n v e r t e d  to S - ( + ) - 2 - c h l o r o o c t a n e
(39) in 44% yield (86 %  e.e.) by r e a c t i o n  with thionyl c h l o r i d e
2 4
and pyridine. The c h l o r i d e  uuas a l l o w e d  to react with l i thium 
d i p h e n y l p h o s p h i d e  in t e t r a h y d r o f u r a n  to give J37 in 37$ yield.
H H
I | *
C H _ ^ C « * 0 H  S0C1_ C 1 * * C ^ C H  LiPPh„ C H „ C H ( P P h _ ) C fiH 1,
3 | 2 > | 3  ^  3 2 D i o
C 6H 13 C SH =N C 6H 13
30 39 37
F i g u r e  IB. P r e p a r a t i o n  of optic a l l y  a c t i v e  2 - o c t y l d i p h e n y l ­
p h o s p h i n e  .
R-( + )-N-Ethyl-l\l-(a-methylbenzyl)di phenylphosphinamide
(40) was p r e p a r e d  s t a r t i n g  from c o m m e r c i a l  R - ( + ) - a - m e t h y l -  
b e n z y l a m i n e  (4JL) ( 93$ e.e.) (Figure 19). The ami n e  was con-
Ph Ph 0
I I I
H ►C'*I\IH2 ( C H 3 C 0 ) 2 0 H ►C<*i\IHCCH3 LifllH^
C H 3 C H 3
41 42
Ph Ph
H N H C H „ C H ,  P h 7PCl H N ( C H 7 CH-)PPh
| I c >  | 3 2.
CH3 ch3
43 40
F i g u r e  19. P r e p a r a t i o n  of R - ( + ) - N - e t h y l - N - ( a - m e t h y l b e n z y l ) -  
d i p h e n y l p h o s p h i n a m i d e .
v e r t e d  to R-( + )-l\l-(a-methylbenzyl)acetamide (4_2) in 7 8 $  yield 
by r e a c t i o n  wit h  a c e t i c  a n hydride. L i t h i u m  a l u m i n u m  h y dride
25
r e d u c t i o n  of 42 gave R - N - e t h y l - a - m e t h y l b e n z y l a m i n e  (4J3) in 
46 %  yield. The s e c o n d a r y  amine (4_3) was a l l o w e d  to react 
w ith d i p h e n y l p h o s p h i n o u s  c h l o r i d e  in ether to give £ 0  in 22% 
yield.
O p t i c a l l y  a c t i v e  n e o m e n t h y l d i p h e n y l p h o s p h i n e  (4_4) was 
p r e p a r e d  s t a r t i n g  f rom (-)- m e n t h o l  (4_5) (98 %  e.e.) (Figure 20)
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F i g u r e  20. P r e p a r a t i o n  of o p t i c a l l y  act i v e  n e o m e n t h y l ­
d i p h e n y l p h o s p h i n e .
T he a l c o h o l  was c o n v e r t e d  to (-)- m e n t h y l  chloride (4_6) by re­
a c t i o n  with zinc chloride and 37% h y d r o c h l o r i c  acid. The 
r e a c t i o n  of l i t h i u m  d i p h e n y l p h o s p h i d e  with alkyl ha l i d e s  in 
t e t r a h y d r o f u r a n  u s u a l l y  occurs r e adily at room temperature,
26
however, under these c o n d i t i o n s  r e a c t i o n  with m enthyl  
chloride could not be a c c o m p l i s h e d .  Ulhen the s o l u t i o n  was 
he a t e d  to reflux, some d i s p l a c e m e n t  (10-15$) occurred, h o w ­
ever, the major p r o d u c t s  r e s u l t e d  fro m  either d e h y d r o h a l o -  
g e n ation or attack of the l i t h i u m  d i p h e n y l p h o s p h i d e  on the 
t e t r a h y d r o f u r a n .  S i milarly, r e a c t i o n  with either m e nthyl 
b r omide or m e n t h y l  t o s y l a t e  gave only the i s o m e r i c  menthenes,  
d i p h e n y l p h o s p h i n e  and 4 - h y d r o x y b u t y l d i p h e n y l p h o s p h i n e .
B h a c c a ^ ®  has t e n t a t i v e l y  c o n c l u d e d  that the 220 MHz 
nmr s p e c t r u m  of the be n z y l  salt of 44 is c o m p a t i b l e  with a 
n e o m e n t h y l  c o n f i g u r a t i o n .  If this is correct, the r e a c t i o n 
of li t h i u m  d i p h e n y l p h o s p h i d e  with m e n t h y l  chloride p r o c e e d e d  
with i n v e r s i o n  of c o n f i g u r a t i o n  at carbon to give n e o m e n t h y l -  
d i p h e n y l p h o s p h i n e .
In a v a r i a t i o n  of this p r o c e d u r e  the li t h i u m  d i p h e n y l ­
p h o s p h i d e  r eagent was p r e p a r e d  in t e t r a h y d r o f u r a n  and then 
the t e t r a h y d r o f u r a n  was d i s p l a c e d  by ad d i n g  be n z e n e  and d i s ­
tilling to a b o iling point of 80°. W hen m e nthyl c h l o r i d e  was 
a l l o w e d  to react with the r e s u l t i n g  b e nzene s o l u t i o n  of the 
p hosphide, the a m o u n t  of d e h y d r o h a l o g e n a t i o n  increased, but 
the a b s e n c e  of the 4 - h y d r o x y d i p h e n y l p h o s p h i n e  by p r o d u c t  as 
a c o n t a m i n a n t  s i m p l i f i e d  the p u r i f i c a t i o n  of the phosphine.
A l t e r n a t e  s y n t h e s e s  f rom ei t h e r  m e nthyl l i t h i u m  or 
m e nthyl G r i g n a r d  were u n s u c c e s s f u l .  M e n t h y l  l i t h i u m ^  could 
not be p r e p a r e d  in this laboratory. The reaction of m e nthyl 
G r i g n a r d  with d i p h e n y l p h o s p h i n o u s  c h l oride gave, in low 
yield, a m i x t u r e  of n e o m e n t h y l d i p h e n y l p h o s p h i n e  and an o t h e r
27
c o m p o u n d  b e l i e v e d  to be m e n t h y l d i p h e n y l p h o s p h i n e . ^  This 
same c o m p o u n d  was o b t a i n e d  when n e o m e n t h y l  b r o m i d e  was a l ­
lowed to react with l i t h i u m  d i p h e n y l p h o s p h i d e .
H y d r o g e n a t i o n  of 2 - P h e n y l - l - b u t e n e
The W i l k i n s o n  c a t a l y s t  has become a v a l u a b l e  s y n t h e t i c  
tool, l a r g e l y  b e c a u s e  of the s e l e c t i v i t y  of its a c t i o n  and 
the a b s e n c e  of man y  of the side r e a c t i o n s  of h e t e r o g e n e o u s  
h y d r o g e n a t i o n s .  The p o s s i b i l i t y  that this c a t alyst might be 
m o d i f i e d  with chiral t e r t i a r y  li g a n d s  w i t h o u t  loss of c a t a ­
lytic a c t i v i t y  wo u l d  in p r i n c i p l e  a l l o w  the a s y m m e t r i c  h y d r o ­
g e n a t i o n  of a p p r o p r i a t e  a l k enes. This wou l d  a f f o r d  a dir e c t  
s y n t h e s i s  of some o p t i c a l l y  a c t i v e  al k a n e s  which are u s ually  
o b t a i n e d  by c i r c u i t o u s  ro u t e s  f r o m  r e s o l v e d  precursors. T his  
work was conce r n e d  with d e v e l o p i n g  a sy s t e m  which could 
realize this p o s s i b i l i t y  using chiral li g a n d s  d e r i v e d  from 
r eadily a v a i l a b l e  c h i r a l  p r e c ursors.
2 - P h e n y l - l - b u t e n e  (.4J3) was chosen as the s u b s trate
since it is the s i m p l e s t  aryl a l k y l  t e r m i n a l  o l e f i n  which
can be r e d u c e d  to a n  o p t i c a l l y  a c t i v e  alkane. T h e  r e s u l t i n g
2 - p h e n y l b u t a n e  is a well kno w n  compound; both its a b s o l u t e
60
c o n f i g u r a t i o n  and m a x i m u m  r o t a t i o n  are known.
The c a t a l y s t s  were p r e p a r e d  i_n s i t u , in a b e n z e n e -  
ethanol s o l ution f r o m  y j - d i c h l o r o t e t r a e t h y l e n e d i r h o d i u m ( I )
(49) and the chiral p h osphine, a c c o r d i n g  to the p r o c e d u r e  
used by D j e r a s s i  and G u t z w i l l e r ^ *  for the W i l k i n s o n
28
c a t a l y s t  ( E q u a t i o n  4). The s o l u t i o n  was p r e r e d u c e d  with
(4) 6 P h 2 PR + R h 2 C l 2 ( C 2H 4 )4 6 6 ^ 2 ( P h 2 P R )3 RhCl
C 2 H^OH
h y d r o g e n  for 0.5 hr to c o n v e r t  the c a t a l y s t  to the a c t i v e  
d i h y d r i d o  s p e c i e s  and then 2 - p h e n y l - l - b u t e n e  (4J3) was added.
H y d r o g e n a t i o n  of _48 with c a t a l y s t s  p r e p a r e d  f r o m  2 6 . 
2 9 . 3 3 . 37, _40 and 4_4 gave o p t i c a l l y  a c t i v e  2 - p h e n y l b u t a n e  
in e v e r y  case. Dat a  for these h y d r o g e n a t i o n s  a n d  for the 
h y d r o g e n a t i o n  of 4J3 w ith a c a t a l y s t  p r e p a r e d  from S - ( + ) “ 
m e t h y l p r o p y l p h e n y l p h o s p h i n e  (.50) are c o m p i l e d  in T a b l e  3.
TABLE 3
A S Y M M E T R I C  H O M O G E N E O U S  H Y D R O G E N A T I O N  OF 2 - P H E N Y L - l - B U T E N E  
WIT H  A R H O D I U M  C A T A L Y S T  P R E P A R E D  FROM CHIRAL P H O S P H I N E S
L i g a n d  2 - P h e n y l b u t a n e
______________________ C o n f i g u r a t i o n  % e.e.
2 - m e t h y l b u t y l d i p h e n y l p h o s p h i n e  (26) S 3.1
2 - p h e n y l b u t y l d i p h e n y l p h o s p h i n e  (29) R 4.0
3 - p h e n y l b u t y l d i p h e n y l p h o s p h i n e  (33) R 0.4
2 - o c t y l d i p h e n y l p h o s p h i n e  (37) 
N - E t h y l - N - ( a - m e t h y l b e n z y l ) -
R 0.5
p h o s p h i n a m i d e  (40) S 1.2
n e o m e n t h y l d i p h e n y l p h o s p h i n e  (44) R 6.6
m e t h y l p r o p y l p h e n y l p h o s p h i n e 3 1*50) S 7-8
(a) See r e f e r e n c e  43.
It is i n t e r e s t i n g  that the c a t a l y s t  p r e p a r e d  from 
n e o m e n t h y l d i p h e n y l p h o s p h i n e  (44) in d u c e d  as much a s y m m e t r y  
as t hat p r e p a r e d  f r o m  S - ( + ) - m e t h y l p r o p y l p h e n y l p h o s p h i n e  (50) 
which is chiral at p h o s p h o r u s .  F u r t h e r m o r e ,  c a t a l y s t s  p r e ­
par e d  from 2 - p h e n y l b u t y l d i p h e n y l p h o s p h i n e  (.29) 2 - m e t h y l -
29
b u t y l d i p h e n y l p h o s p h i n e  (2 6 ) whi c h  are a s y m m e t r i c  3 to p h o s ­
p horus are half as e f f e c t i v e  as 5JD. However, when the ligand 
is c h i r a l #  to phosphorus, as in the case of 3:-phenylbutyl- 
d i p h e n y l p h o s p h i n e  (J33), the a s y m m e t r i c  bias is c o n s i d e r a b l y  
reduced. Similarly, with 2 - o c t y l d i p h e n y l p h o s p h i n e  (37) which 
is chiral a to p h o sphorus, there is little bias, a l t h o u g h  in 
this case the i n t e r p r e t a t i o n  is t e n u o u s  since the s u b s t i t u ­
ents on the a s y m m e t r i c  carbon are d i f f e r e n t  from those 
pr e s e n t  at the (3 and # p o s i t i o n s  of _26, 29 and 3 3 .
C a t a l y s t s  p r e p a r e d  f r o m  p h o s p h i n a m i d e s  have also been 
r e p o r t e d  to reduce olef i n s . ^ '  ^  T h e s e  l i gands are ea s i l y  
p r e p a r e d  fro m  p h o s p h i n o u s  c h l oride and s e c o n d a r y  amines 
( E q u a t i o n  5).
(5) P h 2PCl + 2RR'NH ----- >  P h ^ P N R R 1 + R R ' N H - H C l
Whi l e  these c a t a l y s t s  are r e p o r t e d l y  less a c t i v e  than those 
p r e p a r e d  from t e r t i a r y  phosphines, the number of a v a i l a b l e  
chiral a m i n e s  makes this s y s t e m  e s p e c i a l l y  a t t r a c t i v e  f rom 
the poi n t  of view of ligand synthesis. The r e d u c t i o n  of 
2 - p h e n y l - l - b u t e n e  (.48) with a c a t alyst p r e p a r e d  from l\)-ethyl- 
N - ( a - m e t h y l b e n z y l ) d i p h e n y l p h o s p h i n a m i d e  (£0) could not be 
a c c o m p l i s h e d  at low h y d r o g e n  pressures; however, h y d r o g e n a t i o n  
at 6 a t m o s p h e r e s  of p r e s s u r e  gave o p t i c a l l y  a c t i v e  2 - p h e n y l ­
butane.
To ensure that the o ptical a c t i v i t y  o b s e r v e d  in these 
h y d r o g e n a t i o n s  was due to the 2 - p h e n y l b u t a n e  and not to some 
u n d e t e c t e d  impurity, a - m e t h y l s t y r e n e  was h y d r o g e n a t e d  under
3D
the same c o n d i t i o n s  using a c a t a l y s t  p r e p a r e d  f rom 2 - o ctyl- 
d i p h e n y l p h o s p h i n e  (.37). The 2 - p h e n y l p r o p a n e  that r e s u l t e d  
had a D 0.000.
In a n o t h e r  e x p e r i m e n t  the t r i s ( 2 - m e t h y l b u t y l -  
d i p h e n y l ) r h o d i u m ( I ) c h l o r i d e  c a t a l y z e d  r e d u c t i o n  of 2 - p h e n y l -  
l - b utene (4J3) was s t o p p e d  prior to completion. A n a l y s i s  of 
the r e a ction m i x t u r e  sh o w e d  u n r e a c t e d  .48 and 2 - p h e n y l b u t a n e ,  
but no 2 - p h e n y l - 2 - b u t e n e . Since the i n t e r n a l  al k e n e  is not 
h y d r o g e n a t e d  u n d e r  these conditions, it can be c o n c l u d e d  
t hat there was no r e a r r a n g e m e n t  of the substrate.
The s e  r esults show that m o d i f i c a t i o n  of the W i l k i n s o n  
c a t alyst with chiral p h o s p h o r u s  ligands can be a c h i e v e d  w i t h ­
out loss of c a t a l y t i c  a c t i v i t y  and that these c a t a lysts are 
capable of i n d u c i n g  asymm e t r y .  F u r t h e r m o r e ,  at least one 
p h o s p h i n e  li g a n d  p r e p a r e d  fro m  a r e a d i l y  a v a i l a b l e  chiral c o m ­
pound, c o n t a i n i n g  m u l t i p l e  c enters of chirality, was as e f ­
fe c t i v e  as li g a n d s  whi c h  are chiral at p h o sphorus. Also, in 
p h o s p h i n e s  c o n t a i n i n g  only one chiral carbon, the p o s i t i o n  of 
a s y m m e t r y  r e l a t i v e  to p h o s p h o r u s  may be i mportant. Finally, 
the result o b t a i n e d  with the p h o s p h i n a m i d e  (4JD) i n d i c a t e s  
that f u r t h e r  i n v e s t i g a t i o n  of other chiral terti a r y  p h o s p h o r u s  
c o m p o u n d s  is w a rranted.
H v d r o o e n a t i o n  of a.B U n s a t u r a t e d  C a r b o x y l i c  Acids
Wh i l e  the e x p e r i m e n t s  with 2 - p h e n y l - l - b u t e n e  were
23being c o n d u c t e d  in this laboratory, K n o w l e s  and S a b a c k y  
r e p o r t e d  the a s y m m e t r i c  h y d r o g e n a t i o n  of a t r o p i c  acid (51)
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using a c a t a l y s t  p r a p a r e d  from R - ( - ) - m e t h y l p r o p y l p h e n y l -  
ph o s p h i n e  (_50). It was r e p o r t e d  that if the r e d u c t i o n  was 
carried out in a b e n z e n e - e t h a n o l  s o l u t i o n  conta i n i n g  tri- 
ethylamine, ( + ) - h y d r a t r o p i c  aci d  was o b t a i n e d  in 21# optical 
pu r i t y  ( E q u a t i o n  6). W h e n  _51 was r e d u c e d  wi t h o u t  a d d e d  amine
/ C O  H
i r /L(6) C H s = C ^  z + H 7 (lYlePrPhP)_RhCl^ \  ^  ^ .. '1 ■ }
( c 2 h 5 )3n
51
CH, CH,| 3 , 3
H ~ C —  Ph + P h i ^ C ^ H
I I
C 0 2H C 0 2H
R-(-) S-(+)
39. 5 #  60.5#
the h y d r a t r o p i c  a cid obtai n e d  had only 1# optical purity.
*
S i n c e  ligands of the type P h 2PR were c o m p a r a b l e  to 5_0 
in their a b i l i t y  to induce a s y m m e t r y  during the h y d r o g e n a t i o n  
of 2 - p h e n y l - l - b u t e n e ,  their ut i l i t y  for the a s y m m e t r i c  re­
d u ction of _51 was i n vestigated. The h y d r o g e n a t i o n s  were all
c a rried out with add e d  t r i e t h y l a m i n e  a c c o r d i n g  to the general
44p r o c e d u r e  repor t e d  by K n o w l e s  and Sabacky. The r esults are 
c o m p i l e d  in Table 4.
N e o m e n t h y l d i p h e n y l p h o s p h i n e  was a g a i n  o b s e r v e d  to be 
as e f f e c t i v e  as those ligands which were chiral at phosphorus.
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TABLE 4
A S Y M M E T R I C  H O M O G E N E O U S  H Y D R O G E N A T I O N  OF A T R O P I C  ACID 
W ITH A R H O D I U M  C A T A L Y S T  P R E P A R E D  FRO M  CHIRAL P H O S P H I N E S
Ligand A t r o p i c  A c i d
C o n f i q u r a t i  on %  e.e.
2 - m e t h y l b u t y l d i p h e n y l p h o s p h i n e  (26) R 0.2
2 - p h e n y l b u t y l d i p h e n y l p h o s p h i n e  (29) S 2.4
3 - p h e n y l b u t y l d i p h e n y l p h o s p h i n e  (33) R 1.7
n e o m e n t h y l d i p h e n y l p h o s p h i n e  (44) S 2 8 . 0 a
p h e n y l m e t h y l p r o p y l p h o s p h i n e 21.0
p h e n y l m e t h y l - s e c - b u t y l p h o s p h i n e 13 15.0
p h e n y l m e t h y l i s o p r o p y l p h o s p h i n e b 17.5
p h e n y l m e t h y l c y c l o h e x y l p h o s p h i n e b 3.0
(a) With 0.3 e q u i v a l e n t s  a d d e d  phosphine.
(b) See r e f e r e n c e  44.
T h o s e  li g a n d s  uihich contained one a s y m m e t r i c  carbon showed 
only a low s t e r e o s e l e c t i v i t y .  While more data is desirable, 
it can be t e n t a t i v e l y  c o n c l u d e d  that in using p h o s p h i n e s  that 
are chiral at c a r b o n  and not p h o sphorus, those li g a n d s  which 
co n t a i n  m u l t i p l e  c e n t e r s  of c h i r a l i t y  are most effective.
The degree of a s y m m e t r i c  i n d u c t i o n  o b t ained in the 
h y d r o g e n a t i o n  of a t r o p i c  aci d  with t r i s ( n e o m e n t h y l d i p h e n y l -  
p h o s p h i n e ) r h o d i u m ( I ) chloride (.52) p r o m p t e d  i n v e s t i g a t i o n  of 
the reduc t i o n  of other a,p u n s a t u r a t e d  c a r b o x y l i c  acids.
T he results of this study are c o m piled in Table 5. Atropic, 
( E ) - p - m e t h y l c i n n a m i c  and ( E ) - a - m e t h y l c i n n a m i c  aci d  were r e ­
d u c e d  with c a t a l y s t s  p r e p a r e d  from two diffe r e n t  s a m p l e s  of 
n e o m e n t h y l d i p h e n y l p h o s p h i n e ,  and d i f f e r e n t  c o n d i t i o n s  were 
use d  in the two sets of experiments. In the first set, the 
a c i d s  were h y d r o g e n a t e d  using a 50-1 s u b s t r a t e  to c a t a l y s t
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ratio and 0.3 e q u i v a l e n t s  of a d d e d  n e o m e n t h y l d i p h e n y l p h o s -  
phine. T h e  o p tical p u r i t i e s  of the r e s u l t i n g  aci d s  are given 
in p a r e n t h e s e s  in Table 5. The s e c o n d  set of h y d r o g e n a t i o n s  
were e f f e c t e d  using a 100-1 s u b s t r a t e  to c a t alyst ratio and 
no add e d  p h osphine. W i t h i n  each set the results were r e p r o ­
ducible.
TABLE 5
A S Y M M E T R I C  H O M O G E N E O U S  H Y D R O G E N A T I O N  
OF a,p U N S A T U R A T E D  C A R B O X Y L I C  ACI D S  
WITH T R I S ( N E O M E N T H Y L D I P H E N Y L P H O S P H I N E )R H O D I U M ( I ) CHLORIDE
Su b s t r a t e C o n f i g u r a t i o n % e.e.
a t r o p i c  a c i d  (51) S 17 S2 S !a(E)-p-methylcinriamic aci d (53) S 52 (61)
(Z ) - 0 - m e t h y l c i n n a m i c  aci d (54 R 20(E ) - a - m e t h y l c i n n a m i c  a cid (56) R 44 (52)
( E ) - a - p h e n y l c i n n a m i c  a cid (57) S 12
i t a c o n i c  acid (58) R 6
c i t r a c o n i c  aci d  (59) - 0
m e s a c o n i c  acid (60) no r e d u c t i o n
(a) W i t h  0.3 e q u i v a l e n t s  a d d e d  phosphine.
The h y d r o g e n a t i o n  of ( E ) - p - m e t h y l c i n n a m i c  a c i d  (53) 
uihich has phenyl trans to c a r boxyl w a s  an e x c e p t i o n a l l y  
s t e r e o s e l e c t i v e  process. When the phenyl s u b s t i t u e n t  was cis 
to the carboxyl group, as in ( Z )- p - m e t h y l c i n n a m i c  a c i d  (54), 
h y d r o g e n a t i o n  p r o c e e d e d  more slowly and the optical a c t i v i t y  
of the r e s u l t i n g  3 - p h e n y l b u t a n o i c  a c i d  (55) was lower than 
it was with the E^  i somer ( E q u ation 7).
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T h e  h y d r o g e n a t i o n  of ( E ) - a - m e t h y l c i n n a m i c  a c i d  (56) 
whi c h  has a trans p h e n y l - c a r b o x y l  r e l a t i o n s h i p  a l s o  p r o c e e d e d  
wit h  a h igh degree of a s y m m e t r i c  bias ( E q u a t i o n  8). The 
s l i g h t l y  lower o p t i c a l  yield o b t a i n e d  here c o m p a r e d  with the 
r e d u c t i o n  of 53 mig h t  be a t t r i b u t e d  to the p r e s e n c e  of the
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m e t h y l  g r o u p  at the a position. T h i s  is f u r t h e r  e x e m p l i f i e d
in the r e d u c t i o n  of (E )- a - p h e n y l c i n n a m i c  a cid (^7) whe r e  the
met h y l  of .53 has been r e p l a c e d  w ith a ph e n y l  group ( E q u a t i o n  9)
H. / C O o H co
(g) 2 ~  ^
Ph Ph H 2
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4 4 $  56$
T he 2 , 3 - d i p h e n y l p r o p a n o i c  a cid o b t a i n e d  had a n  optical p u r i t y  
o nly o n e - t h i r d  of that e x h i b i t e d  by 2 - b e n z y l p r o p a n o i c  a cid 
f r o m  the r e d u c t i o n  of ( E ) - a - m e t h y l c i n n a m i c  a c i d  (53).
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The h y d r o g e n a t i o n  of i t a c o n i c  acid (.58) p r o c e e d e d  to 
give a q u a n t i t a t i v e  yield of 2 - m e t h y l s u c c i n i c  acid, which had 
a 6% e n a n t i o m e r i c  e x c e s s  of the R isomer. Und e r  similar c o n ­
di t i o n s  m e s a c o n i c  aci d  (60) was ine r t  to h y d r o g e n a t i o n  and 
c i t r a c o n i c  a c i d  (J59) a f f o r d e d  only 40% reduction. With a 
t h r e e f o l d  i n c r e a s e  in r e a c t i o n  time, the r e d u c t i o n  of .59 was 
a l m o s t  q u a n t i t a t i v e .  A n a l y s i s  of the r e s u l t i n g  2 - m e t h y l -  
s u c c i n i c  acid, however, sh o w e d  that the r e a c t i o n  had p r o c e e d e d  
wi t h o u t  a s y m m e t r i c  i n duction.
W h e n  a sample of S - ( + ) - 3 - p h e n y l b u t a n o i c  a c i d  (65% e.e.) 
was c a rried t h r o u g h  the h y d r o g e n a t i o n  sequence, the crude r e ­
co v e r e d  a c i d  had an a p p a r e n t  63^6 e.e., but the d i s t i l l e d  a c i d  
had a 65^ e.e. of the S-(+) e n a n t i o m e r .  T h i s  e x p e r i m e n t  
sho w s  that the o p tical a c t i v i t y  o b s e r v e d  for the s a t u r a t e d  
c a r b o x y l i c  a c i d s  r e sults e n t i r e l y  f r o m  an a s y m m e t r i c  r e d u c t i o n  
and not f r o m  s u b s e q u e n t  a s y m m e t r i c  t r a n s f o r m a t i o n  (either 
r a c e m i z a t i o n  or e n r ichment) of the h y d r o g e n a t e d  products. 
F u r t h e r m o r e ,  the s l i g h t l y  h i g h e r  r o t a t i o n  o b s e r v e d  for the 
d i s t i l l e d  p r o d u c t s  is mos t  p r o b a b l y  due to the s e p a r a t i o n  of 
i m p u r i t i e s  ra t h e r  than to s e p a r a t i o n  of the e n a n t i o m e r  in 
e x c e s s  f r o m  r a c e m a t e  since one d i s t i l l a t i o n  raised the r o t a ­
tio n  to its o r i ginal value, m o r e o v e r ,  simple d i s t i l l a t i o n  of 
o p t i c a l l y  a c t i v e  3 - p h e n y l b u t a n o i c  aci d  does not ch a n g e  its 
rotation.
T h e s e  results i n d i c a t e  that t r i s ( n e o m e n t h y l d i p h e n y l ­
phosp h i n e )  rhodium( I ) c h l o r i d e  is a very e f f e c t i v e  catalyst 
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c a r b o x y l i c  acids. F u r t h e r m o r e ,  i n t e r p r e t a t i o n  of the r e d u c ­
tion of s u b s t i t u t e d  a c r y l i c  a c i d s  using a model like 6 _ 1  




large {3 s u b s t i t u e n t  (.53, 5j5) h y d r o g e n a t i o n  p r o c e e d s  with con­
s i d e r a b l e  a s y m m e t r i c  induction. However, when R 1 is the 
large s u b s t i t u e n t  at c a r b o n - 3  (.54) the s t e r e o s e l e c t i v i t y  is 
c o n s i d e r a b l y  reduced. A s e c o n d  impor t a n t  point is that as R" 
i n c r e a s e s  from h y d r o g e n  (.53) to methyl (.51) to phenyl (.51, 5 7 ) 
h y d r o g e n a t i o n  p r o c e e d s  with d i m i n i s h i n g  o p tical yield.
F inally, with r e f e r e n c e  to 61, when carbon-2 is u n s u b s t i t u t e d  
h y d r o g e n  is p r e f e r e n t i a l l y  a d d e d  from bel o w  the plane of the 
paper. S u b s t i t u t i o n  of a me t h y l  or phenyl group (R") at 
c a r b o n - 2 , however, causes h y d r o g e n  t r a n s f e r  to occur p r e f e r ­
e n t i a l l y  from abo v e  the plane of the paper.
The p u r p o s e  of this i n v e s t i g a t i o n  was the d e v e l o p m e n t  
of a sy s t e m  for the a s y m m e t r i c  h o m o g e n e o u s  h y d r o g e n a t i o n  of 
c a r b o n - c a r b o n  do u b l e  bonds. It was found that m o d i f i c a t i o n  
of the W i l k i n s o n  catal y s t  with chiral ligands gave such a 
system. It was f u r t h e r  o b s e r v e d  that p h o s p h o r u s  ligands 
chiral at carbon, and more a c c e s s i b l e ,  were as e f f e c t i v e  as 
those which were chiral at p h o s phorus.
It remains for future i n v e s t i g a t o r s  to d e t e r m i n e  if 
other h o m o g e n e o u s  c a t a l y s t s  can be s i m i l a r l y  m o d i f i e d  or if
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oth e r  s u b s t r a t e s  can be h y d r o g e n a t e d  uuith a s y m m e t r i c  i n d u c ­
tion. The r e s u l t s  of thi s  thesis i n d i c a t e  that other ligands  
p r e p a r e d  from p h o s p h i n e s  which c o ntain m u l t i p l e  chiral centers 
sh o u l d  be studied, f u r t h e r m o r e ,  the result with l\l-ethyl-l\l- 
( a - m e t h y l b e n z y l ) d i p h e n y l p h o s p h i n a m i d e  s u g g e s t s  that other 
chiral p h o s p h i n a m i d e  and p o s s i b l y  p h o s p h i t e  ligands sh o u l d  be 
i n v e s t i g a t e d .
40
E X P E R I M E N T A L
G e neral
M e t h o d s
M e l t i n g  P o i n t s ! M e l t i n g  po i n t s  (mp) were d e t e r m i n e d  
usi n g  a T h o m a s - H o o v e r  c a p i l l a r y  m e l t i n g  poi n t  a p p a r a t u s  and 
are uncorrected.
I n f r a r e d  A b s o r p t i o n  S p e c t r a : All i n f r a r e d  (ir)
s pectra were o b t a i n e d  using a P e r k i n - E l m e r  Model 337 grating 
s p e c t r o p h o t o m e t e r .  T h e  spectra of li q u i d s  were o b t a i n e d  as 
films b e t w e e n  salt plates. The spectra of solids were o b ­
tained as mulls.
N u c l e a r  M a g n e t i c  R e s o n a n c e  S p e c t r a : All nuclear m a g ­
n e t i c  reson a n c e  (nmr) spectra were d e t e r m i n e d  usi n g  a U a r i a n  
Mod e l  A-60 S p e c t r o m e t e r .
Gas Li o u i d  P a r t i t i o n  C h r o m a t o g r a p h y : Gas liquid p a r ­
ti t i o n  c h r o m a t o g r a p h y  (glpc) a n a l y s e s  wer e  c o n d u c t e d  using a 
V a r i a n  A e r o g r a p h  90-P Ch r o m a t o g r a p h .  P h o s p h i n e s  were a n a ­
lyzed on a 5* x 1/4" 3% S i l i c o n e  SE-30 on l/araport 30 column, 
235°, flow rate 50 ml/min, r e t e n t i o n  times (R.T.) are r e l a ­
tive to an i n t ernal b e n z e n e  standard. 2 - P h e n y l - l - b u t e n e  and 
2 - p h e n y l b u t a n e  were a n a l y z e d  on a 10' x 1/4" 5% STAP on 
Chrom o s o r b  G-AUl/DMCS column, 150°, flow rate 50 ml/min, and 
had reten t i o n  times of 432 sec and 240 sec, r e spectively, 
relative to air.
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O p t i c a l  R o t a t i o n  D a t a : Op t i c a l  r o t a t i o n s  were d e t e r ­
m i n e d  on a Carl Z e i s s  P h o t o e l e c t r i c  P r e c i s i o n  P o l a r i m e t e r ,  
0.005°, e q u i p p e d  wit h  a m e r c u r y  vap o r  light source and f i l ­
t er e d  to give r e a d i n g s  at 578, 546, 435, 405 a n d  365 nm. 
R o t a t i o n s  are r e p o r t e d  at the s o d i u m - D  line (589 nm) and were 
o b t a i n e d  from the D r u d e  equation.
\ ^ a 546 " a 578 J
C o m p o u n d s : U n l e s s  o t h e r w i s e  noted, c o m p o u n d s  were
p u r c h a s e d  f rom c o m m e r c i a l  sources and were used as received.
D r y  S o l v e n t s : D i e t h y l  et h e r  (Fisher A n h y d r o u s  Ether)
was dried over s o d i u m  wire.
T e t r a h y d r o f u r a n  (THF) was r e f l u x e d  over and d i s t i l l e d  
fro m  c a l c i u m  hydride.
B e n z e n e  was dried by d i s t i l l a t i o n  (80°). A n y  water 
was re m o v e d  as an a z e o t r o p i c  f o r e r u n  (69°).
P y r i d i n e  was dried by r e f l u x i n g  over, and d i s t i l l i n g  
from, p o t a s s i u m  h y d r o x i d e  pellets. The d i s t i l l e d  p r o d u c t  was 
s tored over 4-A m o l e c u l a r  sieves.
H y d r o g e n a t i o n s : 2 - P h e n y l - l - b u t e n e  was h y d r o g e n a t e d
using a Par r  model 3911 L o w  P r e s s u r e  H y d r o g e n a t o r .  The u n ­
s a t u r a t e d  c a r b o x y l i c  aci d s  were h y d r o g e n a t e d  using a Parr 
model 4501 M e d i u m  P r e s s u r e  H y d r o g e n a t o r .
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P r e p a r a t i o n  of P h o s p h i n e s
L i t h i u m  D i p h e n y l p h o s p h i d e ; T h i s  c o m p o u n d  was p r e ­
pared, un d e r  an a t m o s p h e r e  of nitrogen, from d i p h e n y l p h o s -  
p h i n o u s  c h l o r i d e  and l i t h i u m  ribbon in a n h y d r o u s  T H F . 6 3 ’^
S - ( + ) - 2 - C h l o r o o c t a n e  ( 3 9 ) ; T h i o n y l  c h l o r i d e  ( 6 g,
84mmol) was a d d e d  slowly, wit h  stirring, to a s o l u t i o n  of
30(- ) - 2 - o c t a n o l ,  ( 1 □ g , 72mmol) -6 . 6 9  (neat, 1=1.0), 83$ e.e
of the R i s o m e r 1^ ,  in dry p y r i d i n e  ( 6 g, 77mmo l ) .  The t e m ­
p e r a t u r e  was m a i n t a i n e d  b e t w e e n  0 a n d  -10°. The thick yellow  
p a s t e  w h i c h  f o r m e d  was st i r r e d  one h o u r  with c o n t i n u e d  c o o l ­
ing before it was a l l o w e d  to warm to room temp e r a t u r e .  The 
r e a c t i o n  m i x t u r e  was then h e a t e d  at 80° for 5 hr to decom p o s e  
the c h l o r o s u l f i t e  ester. The flask was cooled and water 
(50ml) a n d  ether (50ml) were added. The e t h e r e a l  layer was 
dr a w n  off and saved, and the a q u e o u s  layer was e x t r a c t e d  with 
a d d i t i o n a l  ether (2x50ml). The e t h e r e a l  s o l u t i o n s  were c o m ­
bined, w a s h e d  with w a t e r  (2.50ml), 3% s o d i u m  b i c a r b o n a t e  
(1x50ml) and wat e r  (1x50ml), were d r i e d  (MgSO^.) and were c o n ­
centrated. D i s t i l l a t i o n  of the r e s i d u e  gave 5g (44$) of 
( + )-2-c h l o r o o c t a n e :  bp 68- 9 °  (22mm), + 2 7 . 9 6  (neat,
1 = 1.0), 8 6 $  e.e. of the S i s o m e r ^ ,  nmr s p e c t r u m  number 11128 
ir s p e c t r u m  nu m b e r  16692. A glpc a n a l y s i s  gave only one peak 
(R.T. 4 min) (10' x 1/4" 10$ C a r b o w a x  20M on C h r o m o s o r b  W, 
1 1 0 °, 1 2 0  ml/min).
( + ) - 2 - 0 c t y l d i p h e n y l p h o s p h i n e  ( 3 7 ) : A s o l u t i o n  of
l i t h i u m  d i p h e n y l p h o s p h i d e  (27mmol) in THF (50ml) was added,
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dropwise, under a n i t r o g e n  a t m o s p h e r e  to a s o l u t i o n  of
( + ) - 2 - c h l o r o o c t a n e  (4g, 27mmol), +27.96, 8 6 $  e.e. of the
S i s o m e r ^ 5 , in dry THF (25ml). A f t e r  s t i r r i n g  an a d d i t i o n a l
2  hr the r e a c t i o n  m i x t u r e  was c o n c e n t r a t e d  a n d  the r e s i d u e
was p o u r e d  into water (50ml) and e x t r a c t e d  w i t h  ether
(4x25ml). The e t h e r e a l  e x t r a c t s  were combined, wa s h e d  with
w at e r  (50ml), dried (rfigSO^) and c o n c e n t r a t e d .  The r esidue
was d i s t i l l e d  to give 3.0g (37%) of ( + ) - 2 - o c t y l d i p h e n y l p h o s -
30
phine as a clear liquid bp 174-5° (0.6mm), L a 3[} + 1 9 . 6 7
(_c 19.62, benzene), nmr s p e c t r u m  nu m b e r  5473, ir s p e c t r u m  
n u m b e r  7960. A glpc a n a l y s i s  s h o w e d  the c o m p o u n d  to contain 
90% p h o s p h i n e  (R.T. 72 sec) and 10/5 p h o s p h i n e  oxide (R.T.
180 s e c ) .
R - ( + ) - N - ( g - m e t h y l b e n z y l ) a c e t a m i d e  ( 4 2 ) : R - ( + ) - a -
fllethylbenzylamine (30g, 0.25mol), + 3 5 . 7 3  (neat, 1 = 0.5)
C *7
93% e.e. of the R is o m e r  was add e d  slowly, with stirring, 
to a c e t i c  a n h y d r i d e  (41g, 0.4mol) whi c h  had been c o o l e d  to 
10°. The t e m p e r a t u r e  was m a i n t a i n e d  below 30°. The r e a c t i o n  
m i x t u r e  was then s t i r r e d  4 hr at room t e m p e r a t u r e  and an 
a d d i t i o n a l  1.5 hr on a steam bath. W h e n  w a t e r  (200ml) was 
s lowly added, an oil formed, but it s o l i d i f i e d  upon cooling. 
R e c r y s t a l l i z a t i o n  from c y c l o h e x a n e  (4ml/g) p r o v i d e d  32g (78$)
of R-( +)-l\l-(a-methylbenzyl)acetamide as whi t e  i r r i d e s c e n t
29
plates: mp 102-4°, L a -JD + 1 2 9 . 4  (c 8.81, c h l o r o f o r m ) ,  nmr
s p e c t r u m  num b e r  1119, ir s p e c t r u m  nu m b e r  2442.
R- I M - Ethyl-a-methylbenzylamine ( 4 3 ) : ( + ) - l - M e t h y l -
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b e n z y l a c e t a m i d e  (40g, 0.25mol), L a Jp + 1 2 9 . 4  (_c 8.81, c h l o r o ­
form) in dry THF (150ml) was s l o w l y  a d d e d  to a s t i r r e d  s u s ­
p e n s i o n  of l i t h i u m  a l u m i n u m  h y d r i d e  (5.6g, 0.15mol) in THF 
(100ml). The r e a c t i o n  m i x t u r e  was then h e a t e d  under re f l u x  
for 1 0  hr, cooled and h y d r o l y z e d  by s u c c e s s i v e  a d d i t i o n s  of 
50ml of water, 25ml of 15$ s o d i u m  h y d r o x i d e  a n d  a n o t h e r  50ml 
of water. The i n o r g a n i c s  were r e moved by f i l t r a t i o n  and the 
f i l t r a t e  was dried (MgSO^) and co n c e n t r a t e d .  The r e sidue was 
d i s t i l l e d  to a f f o r d  17g (46$) of R - N - e t h y l - a - m s t h y l b e n z y l -  
amine: bp 96- 7 °  (18mm).
R - ( + ) - N - E t h y l - N - ( a - m e t h y l b e n z y l ) d i p h e n y l p h o s p h i n -  
a mi d e  ( 4 0 ) : A s o l u t i o n  of d i p h e n y l p h o s p h i n o u s  c h l o r i d e  (llg,
0.05mol) in a n h y d r o u s  ether (50ml) was added with stirring, 
und e r  a n i t r o g e n  a t m o s p h e r e ,  to a s o l u t i o n  of R-f\)-ethyl-a- 
m e t h y l b e n z y l a m i n e  (16g, O.lmol) in a n h y d r o u s  et h e r  (100ml). 
S t i r r i n g  was c o n t i n u e d  for 0.5 hr, then the s o l u t i o n  was f i l ­
tered to remove the ami n e  h y d r o c h l o r i d e ,  and c o n c e n t r a t e d  
to give a whi t e  solid. Two r e c r y s t a l l i z a t i o n s  from hot
a c e t o n e - w a t e r  gave 3.8g (22$) of R-( + )-N-ethyl-l\l-(a-methyl-
o r '|25 /b e n z y l ) d i p h e n y l p h o s p h i n a m i d e :  mp 74- 5  , L a Jp + 8 5 . 5 5  (_c
1 0 . 6 6 , benzene), nmr s p e c t r u m  number 1 1 2 1 , ir s p e c t r u m  nu m b e r
3465. A glpc a n a l y s i s  gave only one peak (R.T. 156 sec).
R - ( - ) - 3 - P h e n y l b u t y l d i p h e n y l p h o s p h i n e  ( 3 3 ) : A solu-
tion of ( - ) - l - b r o m o - 3 - p h e n y l b u t a n e  ( 2 1 . 3g, O.lmol), 
d p 6  -94 . 4  (neat, 1=1), 9 0 $  e.e. of the R i s o m e r 6 8  in THF
* Prepared from R-(-)-3-phenyl-l-butanol, see reference 79.
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(50ml) was a d d e d  s l o w l y  to a s o l u t i o n  of l i thium d i p h e n y l ­
p h o s p h i d e  (O.lmol) in THF (100ml) and the r e a ction m i xture  
was st i r r e d  o v e r n i g h t .  The s olvent was removed and the r e s i ­
due was po u r e d  into wat e r  (200ml). The a q u e o u s  mi x t u r e  was 
e x t r a c t e d  with ether (4x100ml). The e t h ereal e x t r a c t s  were 
combined, w a s h e d  with water (1x50ml), dried (fflgSO^) a n d  c o n ­
centrated. D i s t i l l a t i o n  of the r e sidue a f f o r d e d  13g (41$) 
of R - ( - ) - 3 - p h e n y l b u t y l d i p h e n y l p h o s p h i n e  as a clear liquid: 
bp 1 9 6 - 2 0 0 °  (0.8mm), | _ a -3 9 . 9 4  (c 10.00, benzene), nmr 
s p e c t r u m  nu m b e r  9496, ir s p e c t r u m  number 16694. A glpc a n a l y ­
sis showed 9 9 $  p h o s p h i n e  (R.T. 180 sec) and 1$ p h o s p h i n e  oxide 
(R.T. 384 sec).
5 - ( + ) - 2 - M e t h y l b u t y l d i p h e n y l p h o s p h i n e  ( 2 6 ) : A solu-
tion of ( + ) - l - c h l o r o - 2 - m e t h y l b u t a n e  (20g, Q.19mol), +1. 2 9
(neat, 1=0.5), 9 0 $  e.e. of the S isome r * ^  in THF (50ml) was 
sl o w l y  a d d e d  to a s o l u t i o n  of lithium d i p h e n y l p h o s p h i d e  
(Q.19mol) in THF (200ml). The react i o n  mixture was s t irred 
overnight, c o n c e n trated, a n d  the re s i d u e  was p o u r e d  into 
water (200ml). E t h e r e a l  e x t r a c t s  (3x100ml) of the a q u e o u s  
mi x t u r e  were dried (WgSQ^) a n d  c o ncentrated. The residue
was d i s t i l l e d  to a f f o r d  26g (54$) of S - ( + ) - 2 - m e t h y l b u t y l -
- 31
d i p h e n y l p h o s p h i n e : bp 1 49-50° (1.0mm), L a 3o + 4 1 . 5 3  (_c
19.40, benzene), nmr s p e c t r u m  number 9455, ir s p e c t r u m  number 
10195. A glpc a n a l y s i s  s h o w e d  99$ p h o s p h i n e  (R.T. 36 sec) 
and 1$ p h o s p h i n e  oxide (R.T. 84 sec).
* Prepared from S-(- )-2-methyl-l-butanol by R. W. Ridgway.
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5-(+ ) - l - C h l o r o - 2 - p h e n y l b u t a n e  ( 3 2 ) : T h i o n y l  chloride
( 1 6 . 6g, 0.14mol) was add e d  slowly, with stirring, to a s o l u ­
tion of ( + ) - 2 - p h e n y l - l - b u t a n o l  , ( 1 9 . 5g, 0.13mol), +16 . 2
70(neat, 1=0.5), 97$ e.e. of the S isomer , in dry pyridine 
( 1 0 . 8 g, 0.14mol). The t e m p e r a t u r e  was m a i n t a i n e d  b etween 0 
and -10°. The thick ye l l o w  paste which formed was stirred 
one hour with conti n u e d  cooling and then it was heated at 80° 
for 1.5 hr. The react i o n  m i xture was cooled, the upper layer 
of crude chloride was decanted, and the bottom layer was d i s ­
solved in wat e r  and e x t r a c t e d  with ether. The upper layer 
and the ethereal e x t racts were c o m bined and wa s h e d  s u c c e s ­
sively with 10$ HC1, water, 5$ NaH C Q ^  and water. The ether 
s o l u t i o n  was dried (fflgSO^), concentrated, and d i s t illed
giving 16.7g (80/6) of ( + ) - l - c h l o r o - 2 - p h e n y l b u t a n e :  bp 51-3°
27 70(0.4mm), a Q + 5 . 7 8  (neat, 1=0.5), 9 7 $  e.e. of the S isomer ,
nmr s p e c t r u m  number 11176, ir spectrum number 3782. A glpc
a n a l y s i s  gave only one peak (R.T. 264 sec) ( 1 0 1 x 1/4" 5$
STAP on C h r o m o s o r b  G-AUl/DMCS column, 210°, f low rate 60
m l / m i n ) .
5 - ( + ) - 2 - P h e n y l b u t y l d i p h e n y l p h o s p h i n e  (2 9 ) ; A s o l u ­
tion of lithium d i p h e n y l p h o s p h i d e  (30mmol) in THF (30ml) was 
added, slowly, under a nitro g e n  a t m o s p h e r e  to a s o l u t i o n  of 
( + ) - l - c h l o r o - 2 - p h e n y l b u t a n e  (5g, 30mmol), 9 7 $  e.e. of the S 
isomer, in THF (20ml). A f t e r  stirring an a d d i t i o n a l  2 hr,
* Prepared from S-(+)-2-phenylbutanoic acid by R. A. Sakash.
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the r e a c t i o n  m i x t u r e  was c o n c e n t r a t e d  and the r e s i d u e  po u r e d  
into water and e x t r a c t e d  with ether. The e t h e r e a l  e x t r a c t s  
were combined, dried (NaSO^) a n d  c o n c e n trated. The residue  
was d i s t i l l e d  to give 4.9g (52%) of ( + ) - 2 - p h e n y l b u t y l d i p h e n y l  
p h osphine: bp 173-5° (0.2mm), L a J ^  + 7 . 4 3  20.09, benzene)
nmr s p e c t r u m  number 7345, ir s p e c t r u m  number 16593. A glpc 
a n a l y s i s  s h o w e d  99$ p h o s p h i n e  (R.T. 180 sec) a n d  1% p h o s p h i n e  
oxide (R.T. 420 sec).
(- ) - M e n t h y l  C h l o r i d e  ( 4 6 ) : fflenthyl c h l o r i d e  was pre-
7 1p a r e d  by the met h o d  of Smith and W r i g h t  f r o m  zinc c h l oride 
(190g, 2.8mol) c o n c e n t r a t e d  h y d r o c h l o r i c  acid (246ml, 3.2mol
O C
of HC1), and ( - ) - m e n t h o l  (156g, l.Omol) L<x ]q  -49 . 3  (_c 10.33, 
ethanol). T h e  u n d i s t i l l e d  c h l o r i d e  155g (90$) was used 
i m m e d iately.
N e o m e n t h y l d i p h e n y l p h o s p h i n e  ( 4 4 ) : A s o l u t i o n  of
( - ) - m e n t h y l  c h l oride ( 3 4 . 8 g, 0.2mol) in THF (50ml) was added 
in one portion, under a n i t r o g e n  a t m o s p h e r e  to a s o l u t i o n  of 
l i t h i u m  d i p h e n y l p h o s p h i d e  (0.2mol) in THF (200ml). A f t e r  re- 
f l u x i n g  for 24 hr, the r e a c t i o n  m i xture was c o n c e n t r a t e d  and 
the residue e x t r a c t e d  with dry pentane. The p entane e x t r a c t s  
were c o n c e n t r a t e d  and the r e sidue d i s t i l l e d  ( o . 2 mm) to give 
f r a c t i o n  1, 17g, bp 50-55°; f r a c t i o n  2, 8.3g, bp 125-6°; and 
f r a c t i o n  3, 1 1 . Og, bp 164-8°. A glpc a n a l y s i s  showed f r a c ­
tion 1 to be d i p h e n y l p h o s p h i n e  (R.T. 12 sec), f r a c t i o n  2 to 
be 4 - h y d r o x y b u t y l d i p h e n y l p h o s p h i n e  (R.T. 60 sec) and f r a c t i o n  
3 to be 60$ 4 - h y d r o x y b u t y l d i p h e n y l p h o s p h i n e ,  3 5 $  n e o m e n t h y l -
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d i p h e n y l p h o s p h i n e  (R.T. 144 sec) and 5$ n e o m e n t h y l d i p h e n y l ­
p h o s p h i n e  oxide (R.T. 288 sec). F r a c t i o n  3, whi c h  was a w a x ­
l ike s u bstance, was t r i t u r a t e d  with p e n t a n e  and the p e ntane 
c o n c e n t r a t e d  to give a wh i t e  solid. Thi s  solid was wa s h e d  
w i t h  cold pentane, d i s s o l v e d  in p e n t a n e  and p r e c i p i t a t e d  by 
c o n c e n t r a t i o n  to give 2 g (3%) n e o m e n t h y l d i p h e n y l p h o s p h i n e ,  as 
a white solid, mp 169-73°. A glpc a n a l y s i s  of this solid 
s h o w e d  9 6 $  n e o m e n t h y l d i p h e n y l p h o s p h i n e  a n d  4 $  n e o m e n t h y l ­
d i p h e n y l p h o s p h i n e  oxide. As this c o m p o u n d  is e x t r e m e l y  s e n ­
s i t i v e  to oxidation, it was u sed w i t h o u t  f u rther p u r i f i c a t i o n
a n d  c h a r a c t e r i z a t i o n  was a c c o m p l i s h e d  as the p h o s p h i n e
□ 28oxide: mp 21 4 - 1 5  , [ a j p  + 5 1 . 7  (c 1.55, ethanol), nmr s p e c ­
tru m  n u m b e r  10865, ir s p e c t r u m  nu m b e r  16594.
In an a t t e m p t  to i n c r e a s e  the yield of phosphine, the 
f o l l o w i n g  v a r i a t i o n s  of the p r e c e e d i n g  p r o c e d u r e  were used, 
fflenthyl b r o m i d e  and m e n t h y l  t o s y l a t e  were each a l l o w e d  to r e ­
a ct with l i t h i u m  d i p h e n y l p h o s p h i d e  us i n g  the c o n d i t i o n s  
d e s c r i b e d  for the r e a c t i o n  w i t h  m e n t h y l  chloride. In both 
cases a glpc a n a l y s i s  of the u n d i s t i l l e d  p r o d u c t  showed di- 
p h e n y l p h o s p h i n e  and 4 - h y d r o x y b u t y l d i p h e n y l p h o s p h i n e  but no 
n e o m e n t h y l d i p h e n y l p h o s p h i n e  or n e o m e n t h y l d i p h e n y l p h o s p h i n e  
oxide. In an a t t e m p t  to e l i m i n a t e  c o n t a m i n a t i o n  from 
4 - h y d r o x y b u t y l d i p h e n y l p h o s p h i d e ,  w h i c h  r e sults from a d d i t i o n  
of the l i t h i u m  d i p h e n y l p h o s p h i d e  to t e t r a h y d r o f u r a n ,  other 
s o l v e n t  s y s t e m s  were tried. It was found that l i t h i u m  d i ­
p h e n y l p h o s p h i d e  was not re a d i l y  p r e p a r e d  in other solvents, 
but the p h o s p h i d e  (O.lmol) co u l d  be p r e p a r e d  in a small
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am o u n t  of THF (50ml) and then a h i g h e r  boiling so l v e n t  a d d e d  
(300-400ml) and the THF r e m o v e d  by d i s t i l l a t i o n ,  (yienthyl 
c h l o r i d e  (O.lmol) was then a d d e d  and the reaction c o n d u c t e d  
as p r e v i o u s l y  d e scribed. W h e n  b e n z e n e  was used as the higher 
b o i l i n g  solvent, a glpc a n a l y s i s  of the u n d i s t i l l e d  r e a c t i o n  
m i x t u r e  s h o w e d  d i p h e n y l p h o s p h i n e  (7 8 ?$), 4 - h y d r o x y b u t y l d i -  
p h e n y l p h o s p h i n e  (4%), n e o m e n t h y l d i p h e n y l p h o s p h i n e  (125$) anc* 
n e o m e n t h y l d i p h e n y l p h o s p h i n e  oxide (45$). D i s t i l l a t i o n ,  bp 
15 6 - 8 °  (0.2mm), gave 2g of pr o d u c t  that c o n t a i n e d  4 - h y d r o x y -  
b u t y l d i p h e n y l p h o s p h i n e  (5/$), n e o m e n t h y l d i p h e n y l p h o s p h i n e  ( 895$) 
and n e o m e n t h y l d i p h e n y l p h o s p h i n e  oxide ( 6 5 $). W h e n  the same 
r e a c t i o n  was r e p e a t e d  using xylene as solvent, a glpc a n a l y ­
sis of the u n d i s t i l l e d  p r o d u c t  s h o w e d  only d i p h e n y l p h o s p h i n e .
S u b s t r a t e s  for A s y m m e t r i c  H y d r o g e n a t i o n  E x p e r i m e n t s
A t r o p i c  A c i d  ( 5 1 ) : E t h y l  ox a l a t e  (90g, 0.62mol) and
ethyl p h e n y l a c e t a t e  ( 8 2 . Og, 0.5mol) were s u c c e s s i v e l y  a d d e d  
to sodium e t h o x i d e  (from 1 1 .5g sodium) in b e n z e n e  ( 2 0 0 ml). 
A f t e r  s t i r r i n g  for 0.5 hr the r e a c t i o n  mixture, whi c h  s o l i d i ­
fied, was set asi d e  for 8  hr. The sol i d  was c o l l e c t e d  by 
s u c t i o n  filt r a t i o n ,  w a s h e d  well with ether and a c i d i f i e d  to 
Congo Red. The a c i d i c  s o l u t i o n  was e x t r a c t e d  with ether 
(3x150ml) and the e t h e r e a l  e x t r a c t s  were dried (fflgSO^), and 
con c e n t r a t e d .  To the r e s idual oil was ad d e d  375$ aq u e o u s 
f o r m a l d e h y d e  (70ml, 0.87mol) and w a t e r  (200ml). The r e a ction 
m i x t u r e  was then cooled in an ice bat h  and a s o l u t i o n  of 
p o t a s s i u m  c a r b o n a t e  (40g, Q.29mol) in water (75ml) was sl o w l y
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a d d e d  to the s t i r r e d  solution. A f t e r  s t i r r i n g  2 hr at room 
t e m p e rature, the crude ethyl atropate, w h i c h  s e p a r a t e d  as an 
oil, was e x t r a c t e d  with ether. The e t h e r e a l  e x t r a c t s  were 
w a s h e d  w ith water, dried (fflgSO^) and con c e n t r a t e d .  The r e s i ­
due was d i stilled, bp 1 2 7 - 3 0 °  (15mm) to give 47g (53$) of 
ethyl a t r o p a t e .
The ester was s a p o n i f i e d  by r e f l u x i n g  4 hr with so d i u m 
h y d r o x i d e  (40g, l.Omol) a n d  w a t e r  (300ml). The bas i c  m i x t u r e  
was a c i d i f i e d  and the a t r o p i c  a c i d  was c o l l e c t e d  by f i l t r a ­
tion. R e c r y s t a l l i z a t i o n  fro m  hot e t hanol p r o v i d e d  38g (48$)
72 oof a t r o p i c  aci d  as white crystals: mp 105-7° (lit 106-7 ),
nmr s p e c t r u m  number 11175, ir s p e c t r u m  nu m b e r  15013.
(E. )- 8 - M e t h y l c i n n a m i c  A c i d  (53): E t h y l - 3 - h y d r o x y - 3 -
73p h e n y l b u t a n o a t e  was p r e p a r e d  by the R e f o r m a t s k y  r e a c t i o n  
f ro m  a c e t o p h e n o n e  (60g, 0.50mol), ethyl b r o m o a c e t a t e  (90g, 
0.54mol), z i n c  me t a l  (35g, 0 . 5 4 g - a t o m  of No. 10 mesh) a n d  dry 
b e n z e n e  (300ml). The crude ester was not p u r i f i e d  but i m ­
m e d i a t e l y  d e h y d r a t e d  by r e f l u x i n g  with b e n z e n e  ( 2 0 0 ml) a n d  
p h o s p h o r u s  o x y c h l o r i d e  (2ml) in a D e a n - S t a r k  a p p a r a t u s  until 
no more wat e r  was collected. The crude u n s a t u r a t e d  e s t e r  was 
s a p o n i f i e d  by h e a t i n g  und e r  reflux with p o t a s s i u m  h y d r o x i d e  
(48g, O . B 6 mol) and water (200ml) for 6  hr. The m i xture was 
w a s h e d  wit h  ether and a c i d i f i e d  to p r o v i d e  a crude m i x t u r e  of 
acids. R e c r y s t a l l i z a t i o n  fro m  carbon disul f i d e  (2ml/g) gave 
33g (41$) of (E_)-p-methylcinnamic acid as white crystals: mp
9 6 - 9 7 . 5 °  ( l i t ^ 3  98°), nmr s p e c t r u m  number 10021, ir s p e c t r u m  
nu m b e r  14983.
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(Zj-|3-|Ylethylcinnamic A c i d  ( 5 4 ) ; ( E )- g - M e t h y l c i n n a m i c
aci d  uias d i s s o l v e d  in b e n z e n e  ( 2 0 0 ml), and i r r a d i a t e d  in a
quartz tube for 24 hr in a " S r i n i v a s e n "  type p h o t o c h e m i c a l
0
r e a c t o r  using a 2537 A light source (128 uuatt). The s o l v e n t  
was c o n c e n t r a t e d  and the residue was r e c r y s t a l l i z e d  twice 
from carbon d i s u l f i d e  ( 6 ml/g) to give 5g (50/S) of (Z_)-p-methyl- 
ci n n a m i c  acid as white prisms: mp 131-2° (lit^^ 131-2°), nmr
s p e c t r u m  number 11174.
T r i p h e n y l m e t h y l p h o s p h o n i u m  I o d i d e : M e t h y l  iodide
(156g, l.lmol) was sl o w l y  add e d  to a s tirred s o l ution of tri-
p h e n y l p h o s p h i n e  (272g, l.Omol) in b e n z e n e  (1000ml). The
t e m p e r a t u r e  was m a i n t a i n e d  below 35°. After s t i rring 3 hr at
room t e m p e r a t u r e  a n d  1  hr at 0 °, the p h o s p h o n i u m  salt, which
had p r e c i p itated, was c o l l e c t e d  a n d  air dried. The white
. o
solid was then d r i e d  4 hr in a h e a t e d  vacuum d e s i c c a t o r  (75 , 
0.2mm) to give 357g (89$) of t r i p h e n y l m e t h y l p h o s p h o n i u m  
iodide, mp 181-3°.
2 - P h e n y l - l - b u t e n e  ( 4 8 ) : A s o l u t i o n  of n - b u t y l l i t h i u m *
in hexane (150ml of a 1.5M solution) was slowly added, under 
nitrogen, to a s t i r r e d  s o l u t i o n  of t r i p h e n y l m e t h y l p h o s p h o n i u m  
iod i d e  (93g, 0.23mol) in ether (1000ml). The t e m p e r a t u r e  was 
m a i n t a i n e d  below 10°. A f t e r  s t i r r i n g  2 hr at room t e m p e r a ­
ture, a s o l u t i o n  of p r o p i o p h e n o n e  (25g, O.lBmol) in ether 
(50ml) was slowly added. A f t e r  r e f l u x i n g  4 hr, the r e a c t i o n
* A gift from F o o t e  M i n e r a l  Company. A p p r e c i a t i o n  e x p r e s s e d  
to Dr. 0. F. Be u m e l  for a r r a n g i n g  the gift.
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m i x t u r e  was set a s i d e  for 10 hr. The t r i p h e n y l p h o s p h i n e  
oxide, whi c h  p r e c i p i t a t e d ,  was r e moved by f i l t r a t i o n  and the 
f i l t r a t e  was w a s h e d  with water (2x500ml), dri e d  (Mg50^), and 
c on c e n t r a t e d .  The r esidue was d i s t i l l e d  to give llg (50%) 
of 2 - p h e n y l - l - b u t e n e : bp 90- 2 °  (40mm), nmr s p e ctrum number
1120, ir s p e c t r u m  num b e r  16794. A glpc a n a l y s i s  showed only 
one peak.
H y d r o g e n a t i o n s
y U - D i c h l o r o t e t r a e t h y l e n e d i r h o d i u m ( I ) ( 4 9 ) : This c o m ­
p o u n d  was p r e p a r e d  by b u b b l i n g  e t h y l e n e  t h rough a s o l ution 
of r h o d i u m  t r i c h l o r i d e  t r i h y d r a t e  (5g, 20mmol) in water (10ml) 
a n d  m e t h a n o l  (125ml) a c c o r d i n g  to the p r o c e d u r e  of C r a m e r ^ 4 . 
The c omplex (3.0g, 41%) was o b t ained as a b r i c k - r e d  solid 
and was stored in a d e s i c c a t o r  at 5°.
G e n e r a l  P r o c e d u r e  F o r  The H y d r o g e n a t i o n  Of U n s a t u r a t e d  
C a r b o x y l i c  Aci d s  W i t h  The T r i s ( n e o m e n t h y l d i p h e n y l ­
phosp h i n e  ) rhodium( I ) C h l o r i d e  Catalyst.
The c a t a l y s t  was p r e p a r e d  by d i s s o l v i n g  n e o m e n t h y l ­
d i p h e n y l p h o s p h i n e  (0.0615g, 0.19mmol) a n d  /j-dichlorotetra- 
e t h y l e n e d i r h o d i u m ( I ) (0.0120g, 0 .031mmol) in 1:1 be n z e n e  - 
9 5 %  e thanol (100ml). The ye l l o w  s o l u t i o n  was f i l t e r e d  into 
the m e d i u m  p r e s s u r e  h y d r o g e n a t o r  and p r e r e d u c e d  for 1  hr at 
60 psi. The u n s a t u r a t e d  acid (0.8-1.4g, 6.2mmol) and tri- 
e t h y l a m i n e  (O.lg, l.Ommol) were a d d e d  and h y d r o g e n a t i o n  was 
e f f e c t e d  at 60°C and 300 psi. A f t e r  24 hr the s olvent was
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concentrated, the r e s i d u a l  oil was e x t r a c t e d  with 5 %  sodium 
h y d r o x i d e  (50ml) and the basic e x t r a c t  was f i l t e r e d  through 
Celite to remove the catalyst. The f i l t r a t e  was a c i d i f i e d  
with 10% h y d r o c h l o r i c  a c i d  and e x t r a c t e d  with ether. The 
e t h ereal e x t r a c t s  were dried (MgSO^) and c o n c e n t r a t e d  to a f ­
ford the crude s a t u r a t e d  acid. R o t a t i o n s  of solid produ c t s  
were taken on the crude material; r o t a t i o n s  were taken on 
liquids aft e r  v a c u u m  d i s t i l l a t i o n .  P u r i t y  was d e t e r m i n e d  by 
n uclear m a g n e t i c  r e s o n a n c e  s p e c t r o m e t r y .
H y d r o g e n a t i o n  of A t r o p i c  A c i d  ( 5 1 ) : H y d r o g e n a t i o n  of
a t r o p i c  acid gave a q u a n t i t a t i v e  yield of 2 - p h e n y l p r o p a n o i c
acid. A f t e r  d i s t i l l a t i o n ,  bp 9 3 - 4 °  (0.25mm), an 82% yield of
2 5( + ) - 2 - p h e n y l p r o p a n o i c  a c i d  was obtained: + 1 1 . 9 1
(c 8.06, chloroform), 17% e.e. of the S i s o m e r  bas e d  on a
AT ^
m a x i m u m  [,ajp of -76.1, 5  nmr s p e c t r u m  number 10277.
H y d r o g e n a t i o n  of (£)- p - M e t h y l c i n n a m i c  A c i d  (53):
H y d r o g e n a t i o n  of (E.)-p-methylcinnamic acid gave a q u a n t i t a t i v e
yield of 3 - p h e n y l b u t a n o i c  acid. A f t e r  di s t i l l a t i o n ,  bp 100-2°
(0.3mm), an 80% r e c o v e r y  of ( + ) - 3 - p h e n y l b u t a n o i c  a c i d  was 
25obtained: + 2 9 . 5 6  (neat, 1=0.5), 52% e.e. of the S isomer
25 5Q
based on a m a x i m u m  of -56.5, nmr s p e c t r u m  number 10276.
H y d r o g e n a t i o n  of (Z_)-(3-Methylcinnamic A cid (54):
Aft e r  24 hr ( Z )- p - m e t h y l c i n n a m i c  a c i d  was only 20% reduced, 
nmr s p e c t r u m  number 10325. A s e c o n d  h y d r o g e n a t i o n  of
(_Z ) - p - m e t h y l c i n n a m i c  a c i d  for 144 hr a f f o r d e d  a q u a n t i t a t i v e
2 5yield of (-)- 3 - p h e n y l b u t a n o i c  acid, -1 1 . 5 1  (_c 1 0 . 0B,
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benzene). A f t e r  distill a t i o n ,  bp 105-7° (0.4mm) an 80$ re-
2 5covery of ( - ) - 3 - p h e n y l b u t a n o i c  a c i d  u/as obtained: l_a Dp 
-1 1 . 3 5  (_c 10.20, benzene), 2 0 $  e.e. of the R isomer based on 
a m a x i m u m  [ot]^° of - 5 8 . 5 , 58 nmr s p e c t r u m  number 11136.
H y d r o g e n a t i o n  of (j[)-a-IY]ethylcinnamic A c i d  (56):
H y d r o g e n a t i o n  of ( E ) - a - m e t h y l c i n n a m i c  aci d  a f f o r d e d  a q u anti-
2 5tative yield of 2 - b e n z y l p r o p a n o i c  acid, [ctjp - 1 1 . 8 6  (_c 10.43,
benzene). Aft e r  distill a t i o n ,  bp 10 8 - 9 °  (0.35mm), an 80$
"25r e c o v e r y  of (- ) - 2 - b e n z y l p r o p a n o i c  a c i d  was obtained: La Dp
- 1 1 . 9 4  (_c 10.68, benzene), 4 4 $  e.e. of the R i s o m e r ' ' * 8  based
"20 11 on a m a x i m u m  [ojp of +27.06, nmr s p e c t r u m  number 10251.
H y d r o g e n a t i o n  of ( £ ) - a - P h e n y l c i n n a m i c  A c i d  (57):
H y d r o g e n a t i o n  of (E.)-a-phenylcinnami c acid a f f o r d e d  a q u anti-
2 5
tative yield of ( + )- 2 , 3 - d i p h e n y l p r o p a n o i c  acid: L c O q  + 1 7 . 0
" 2 0(_c 4.20, benzene), 12$ e.e. of the S isomer based on L a ]p 
7+140.8, nmr s p e c t r u m  number 10274.
H y d r o g e n a t i o n  of I t a c o n i c  A c i d  ((flethylenesuccinic
Acid) ( 5 8 ) : H y d r o g e n a t i o n  of i t a c o n i c  acid a f f o r d e d  a q uanti-
2 5tative yield of ( + ) - 2 - m e t h y l s u c c i n i c  acid: L a 3[) + 0 * 9 5  (_c
10.50, a b s o l u t e  ethanol), 5.6 $  e.e. of the R i s o m e r  based on
"20 1Qa m a x i m u m  La'JD of + 1 7 . 0 9 , ' °  nmr s p e c t r u m  number 10324.
H y d r o g e n a t i o n  of C i t r a c o n i c  A c i d  (fflethylmaleic A c i d )
( 5 9 ) : Aft e r  24 hr c i t r a c o n i c  aci d  was only 4 0 $  reduced, nmr
s p e c t r u m  number 10313. A second h y d r o g e n a t i o n  of c i t r a c o n i c  
a cid for 72 hr a f f o r d e d  an 8 8 $  yield of crude material. Nmr
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s p e c t r u m  nu m b e r  10347 sh o w e d  the m a t e r i a l  to be 95/6 2 - m e t h y l -  
s u c c i n i c  a c i d  and 5$ c i t r a c o n i c  acid. The m a t e r i a l  had no 
o p t i c a l  rotation.
A t t e m p t e d  H y d r o g e n a t i o n  of M e s a c o n i c  A cid ( M e t h y l - 
f u m a r i c  Acid) ( 6 0 ) : A f t e r  24 hr an nmr s p e c t r u m  (n u m b e r
1 1 1 2 2 ) of the a c i d  r e s i d u e  s h o w e d  o nly u n r e a c t e d  m e s a c o n i c
acid.
G e n e r a l  P r o c e d u r e  For The H y d r o g e n a t i o n  Of A t r o p i c  
Ac i d  (51) W ith T r i s ( a  I k y l d i p h e n y l p h o s p h i n e )r h o d i u m ( I ) 
C h l o r i d e  Catalysts.
The c a t a l y s t s  were p r e p a r e d  by d i s s o l v i n g  the chiral 
a l k y l d i p h e n y l p h o s p h i n e  ( 0 . 1 8 7 - 0 . 243g, 0.75mmol) and 
/ j - d i c h l o r o t e t r a e t h y l e n e d i r h o d i u m ( I ) (0.048g, 0 . 1 2 5 m m o l )  in 
1:1 b e nzene - 95$ e t h a n o l  (200ml). The s o l u t i o n  was f i l t e r e d
i n t o  a m e d i u m  p r e s s u r e  h y d r o g e n a t o r  and p r e r e d u c e d  for 2  hr
at 60 psi. A t r o p i c  a c i d  (2.0g, 13.5mmol) and t r i e t h y l a m i n e  
(0.3g, 3.0mmol) were a d d e d  and h y d r o g e n a t i o n  was c a r r i e d  out 
at 60°C and 30D psi. A f t e r  18 hr the s o l v e n t  was c o n c e n t r a t e d  
a n d  the r e s i d u a l  oil was e x t r a c t e d  with 1 0 $  s o d i u m  h y d r o x i d e  
(50ml). The b a s i c  e x t r a c t  was f i l t e r e d  t h rough Ce l i t e  and 
t hen a c i d i f i e d  with 1 0 $  h y d r o c h l o r i c  acid. The crude 
2 - p h e n y l p r o p a n o i c  aci d  was e x t r a c t e d  with ether and the 
e t h e r e a l  s o l u t i o n  was dr i e d  (fflgSO^), and c o n c e n t r a t e d .  The 
r e s i d u e  was d i s t i l l e d  under r e d u c e d  pressure. R o t a t i o n s  were 
t a k e n  neat on the d i s t i l l e d  2 - p h e n y l p r o p a n o i c  acid and
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27 79co m p a r e d  uuith a m a x i m u m  aQ of +94.0. Pu r i t y  was d e t e r m i n e d  
by n u clear m a g n e t i c  resonance s p e c t r ometry.
H y d r o o e n a t i o n  of A t r o p i c  Acid wit h  T r i s ( n e o m e n t h y l ­
d i p h e n y l p h o s p h i n e  )rhodium( I ) C h l o r i d e ; A 70$ yield of
o ,
( + ) - 2 - p h e n y l p r o p a n o i c  acid was obtained: bp 97-6 (0.20mm),
24dp + 2 6 . 5  (neat, 1=0.5) 28$ e.e. of the S isomer, nmr s p e c t r u m  
nu m b e r  11113.
H y d r o o e n a t i o n  of A t r o p i c  Acid with T r i s ( 2 - p h e n y l b u t y l -
d i p h e n y l p h o s p h i n e ) r h o d i u m ( I ) C h l o r i d e : A 60$ yie l d  of (+)-2-
o 25p h e n y l p r o p a n o i c  a c i d  was obtained: bp 97-8 (0.25mm),
- 2 . 2 9  (neat, 1=0.5) 2 . 4 $  e.e. of the S isomer, nmr s p e c t r u m
n u m b e r  1 1 1 1 2 .
H y d r o o e n a t i o n  of A t r o p i c  Acid with T r i s ( 3 - p h e n y l b u t y l -
d i p h e n y l p h o s p h i n e ) r h o d i u m ( l )  C h l o r i d e : A 7 5 $  yield of (-)-2-
2 5
p h e n y l p r o p a n o i c  a c i d  was obtained: bp 99-100 (0.35mm), cc^
- 1 . 6 4  (neat, 1=0.5) 1 . 7 $  e.e. of the R isomer, nmr s p e c t r u m 
num b e r  11116.
H y d r o o e n a t i o n  of A t r o p i c  Acid with T r i s ( 2 - m e t h y l b u t y l -
d i p h e n y l p h o s p h i n e ) r h o d i u m ( l )  C h l o r i d e : A 60$ yield of (-)-2-
2  &
p h e n y l p r o p a n o i c  a c i d  was obtained: bp 99-100 (0.30mm),
- 0 . 1 4  (neat, 1=0.5) 0 . 2 $  e.e. of the R isomer, nmr s p e c t r u m  
nu m b e r  11114.
General P r o c e d u r e  For The H y d r o g e n a t i o n  Of 
2 - P h e n y l - l - b u t e n e  (48) With Chiral C a t a lysts
E x c e p t  as noted, the catalyst was p r e p a r e d  by
5 7
d i s s o l v i n g  the ch i r a l  p h o s p h i n e  ( 0 . 3 7 4 - 0 . 486g, 1.5mmol) and 
/ j - d i c h l o r o t e t r a e t h y l e n e d i r h o d i u m ( l ) (0.096g, 0.25mmol) in 
1:1 b e nzene - a b s o l u t e  e t h a n o l  (100ml). The s o l u t i o n  was 
f i l t e r e d  into a h y d r o g e n a t i o n  flask and p r e r e d u c e d  for 0.5 
hr. 2 - P h e n y l - l - b u t e n e  (3.0g, 22mmol) was a d d e d  and the s o ­
lution was h y d r o g e n a t e d  at r o o m  temperature. The s o l u t i o n  
was then c o n c e n t r a t e d  and p e n t a n e  was add e d  to p r e c i p i t a t e  
m ost of the catalyst. The p entane s o l u t i o n  was c o n c e n t r a t e d  
and the r esidue was distilled. In eve r y  case glpc a n a l y s i s  
of the d i s t i l l e d  s a m p l e s  of 2 - p h e n y l b u t a n e  s h o w e d  only one
peak. R o t a t i o n s  were taken on the d i s t i l l e d  liquid and $
20e n a n t i o m e r i c  excess ($ e.e.) was based on a m a x i m u m  of
- 2 4 . 3 . 68
H y d r o o e n a t i o n  of 2 - P h e n y l - l - b u t e n e  with T r i s ( 2 - o c t y l - 
d i p h e n y l p h o s p h i n e ) r h o d i u m ( l ) C h l o r i d e : The olefin was h y d r o ­
g e n a t e d  over a p e r i o d  of 4 days under 1 atm of hydrogen. A
6 7$ yield of ( - ) - 2 - p h e n y l b u t a n e  was obtained: bp 72- 4 °
32(22mm), -0.12 (neat, 1=0.5), 0 . 5 $  e.e. of the R isomer.
H y d r o o e n a t i o n  of 2 - P h e n y l - l - b u t e n e  wit h  T r i s ( n e o -
m e n t h y l d i p h e n y l p h o s p h i n e ) r h o d i u m ( l )  C h l o r i d e : The catalyst
was p r e p a r e d  by d i s s o l v i n g  the p h o s p h i n e  (0.243g, 0.75mmol)
and r h odium c helate (O.Q4Bg, 0.12 5 m m o l )  in 1:1 b enzene -
a b s o l u t e  et h a n o l  (50ml). The olefin was h y d r o g e n a t e d  over a
per i o d  of 7 days under 1 atm of hydrogen. A 50$ yield of
2  X(- ) - 2 - p h e n y l b u t a n e  was obtained: bp 65-8 (17mm), -1.62
(neat, 1=0.2), 6 . 6 $  e.e. of the R isomer.
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H y d r o o e n a t i o n  of 2 - P h e n y l - l - b u t e n e  with T r i s ( 2 - p h e n y l -
b u t v l d i p h e n v l p h o s p h i n e ) r h p d i u m ( l )  C h l o r i d e : The olefin was
h y d r o g e n a t e d  over a p e r i o d  of 24 hr under 1 atm of hydrogen.
A 7 3 %  yield of ( - ) - 2 - p h e n y l b u t a n e  uias obtained: bp 64-6*"*
9 8(12mm), otp - 0 . 9 5  (neat, 1=0.5), 4% e.e. of the R isomer.
H y d r o g e n a t i o n  of 2 - P h e n y l - l - b u t e n e  with T r i s ( N - e t h y l -
N - l - m e t h y l b e n z y l d i p h e n y l p h o s p h i n a m i d e ) r h o d i u m ( I ) C h l o r i d e :
The olefin was h y d r o g e n a t e d  for a period of 39 hr under 7 atm
of hydrogen. A 67% yield of ( + ) - 2 - p h e n y l b u t a n e  was obtained:
97
bp 4 8 - 5 0 °  ( 6 mm), + 0 . 2 8  (neat, 1=0.5), 1.2% e.e. of the S
isomer.
H y d r o o e n a t i o n  of 2 - P h e n y l - l - b u t e n e  with T r i s ( 3 - p h e n y l -
b u t y l d i p h e n y l p h o s p h i n e ) r h o d i u m ( I ) C h l o r i d e : The olefin was
h y d r o g e n a t e d  for a pe r i o d  of 24 hr under 4 atm of hydrogen.
A 7 0 %  yield of ( - ) - 2 - p h e n y l b u t a n e  was obtained: bp 43-4°
99(5mm), a Q - 0 . 0 9  (neat, 1=0.5), 0 . 4 %  e.e. of the R isomer.
H y d r o g e n a t i o n  of 2 - P h e n y l - l - b u t e n e  with T r i s ( 2 - m e t h y l - 
b u t y l d i p h e n y l p h o s p h i n e ) r h o d i u m ( l ) C h l o r i d e : The olefin was
h y d r o g e n a t e d  for a pe r i o d  of 24 hr under 4 atm of hydrogen.
A 7 5 %  yield of ( + ) - 2 - p h e n y l b u t a n e  was obtained: bp 42-3°
29(5mm), cip + 0 . 7 5  (neat, 1 = 0.5), 3 . 1 %  e.e. of the S isomer.
59
B I B L I O G R A P H Y
(1) L. Velluz, J. Vails and J. M a t hieu, Anqew. Chem.
In ternatl. E d i t . , 778 (1967).
(2) D. R. Boyd and M. A. McKervey, Quart. R e v . , 22, 95
(1968). ~
(3) J. M a t h i e u  and J. W e i l l - R a y n a r d ,  Bull. Soc. Chim. F r . ,
1211 (1968).
(4j R. E. P a d g e t t  and R. L. Beamer, J. Pharm. S c i . . 53,
689 (1964).
(5) R. L. B e a m e r  and W. D. Brown, ibid. , 60, 583 (1971).
( 6 ) J. D. M o r r i s o n  and H. S. Mosher, A s y m m e t r i c  Organic
R e a c t i o n s . (New Jersey: P r e n t i c e - H a l l ,  Inc., 1971).
(7) V. Pr e l o g  and H. Scheuer, Helv. Chim. A c t a . , 42, 2227
(1959). ~
( 8 ) Y. Izumi, S. Tatsumi and M. Imaido, Bull. Chem. Soc.
J a p . , 42, 2373 (1969).
(9) Y. Ohgo, S. T a k euchi a n d  J. Yoshimura, i b i d . , 44, 283
(1971).
(10) Y. Ohgo, S. T a k euchi and J. Yoshimura, i b i d . , 44, 583
(1971). ~
(11) R. S. Coffey, Chem. C o m m u n . , 923 (1967).
(12) R. R. Schrock and J. A. Osborn, i b i d . . 567 (1970).
(13) M. Iguti, J . Chem. Soc. J a p . . 60, 1787 (1939).
(14) R. D. Gillard, J. A. Osborn, P. B. Stockwell and G.
Wilkinson, Proc. Chem. S o c . f 2B4 (1964).
(15) J. A. Osborn, G. W i l k i n s o n  and J. F. Young, Chem.
C o m m u n . . 17 (1965).
(16) J. F. Young, J. A. Osborn, F. H. Jardine a n d  G.
Wilkinson, i b i d . , 131 (1965).
60
J. A. Osborn, F. H. Jardine, J. F. Young and G.
Wilkinson, J« Chem. Soc.. A . 1711 (1966).
F. H. Jardine. J. A. Osborn, and G. Wilkinson, i b i d . , 
1574 (1967).
S. M o n t e l a t i c i , A. van der Ent, J. A. O s b o r n  and G. 
Wilkinson, i b i d . . 1054 (1968).
A. J. B i r c h  and K. A. M. Walker, J. Chem. S o c . . C , 894
(1966).
A. J. Bi r c h  and K. A. |Y|. Walker, T e t r a h e d r o n  L e t t . ,
3457 (1967).
R. E. Harmon, J. L. Parsons, D. W. Cooke, S. K. Gupta
and J. S c h o o l enberg, J. Orq. C h e m . , 34, 3684 (1969).
W. S. K n o w l e s  and M. J. Sabacky, Chem. C o m m u n . , 1445
(1968).
F. H. J a r d i n e  and G. Wilkinson, J . Chem. S o c . , C , 270
(1967).
J. F. B i e l l m a n n  and H. Lies e n f e l t ,  C. R . Acad. S c i . , 
Paris, Ser. C , 2£3> 251 (1966).
A. J. B i r c h  and K. A. M. Walker, T e t r a h e d r o n  L e t t . ,
1935 (1967).
C. D j e rassi and J. Gutzwiller, J . Amer. Chem. S o c . , 8 8 , 
4537 (1966).
E. Piers and K. F. Cheng, Can. J . Chem. . 4_6, 377 (1968).
f<l. Br o w n  and L. W. P i s z k iewicz, J. Orq. C h e m . , 32, 2013
(1967). ^
J. F. B i e l l m a n n  a n d  M. J. Jung, J. Amer. Chem. S o c . ,
90, 1673 (1968).
C. H. H e a t h c o c k  and S. R. Poulter, T e t r a h e d r o n  L e t t . , 
2755 (1969).
A. J. B i r c h  and K. A. M. Walker, i b i d . , 4939 (1966).
J. F. B i e l l m a n n  and H. L i e s enfelt, Bull. Soc. Chim.
F r . . 4029 ( 1966).
J. R. M o randi and H. B. Jensen, J . O r g . C h e m . , 34, 1889
(1969). ^
W. Vo e l t e r  and C. D j e r a s s i ,  Chem. B e r . . 101, 58 (1968).
61
(36) G. V. Smith and R. J. Shuford. T e t r a h e d r o n  Lett., 525 
(1970).
(37) R. L. A u o u s t i n e  and J. F. Van Peooen, J. Chem. Soc., 
D, 495 (1970.
(38) R. L. A u o u s t i n e  and J. F. Van Peppen, ibid., 497(a) 
(1970).
(39) R. L. A u o u s t i n e  and J. F. Van Peppen, ibid., 497(b) 
(1970).
(40) R. L. A u g u s t i n e  and J. F. Van Peppen, ibid., 571 (1970).
(41) A. S. H u s s e v  and Y. Takeuchi. J. Amer. Chem. Soc., 91, 
(1969). ^
(42) A. S. H u s s e v  and Y. Takeu c h i ,  J. Orq. Chem., 35, 643 
(1970).
(43) L. H n r n e r . H. Sieael ana H. Buthe, Anqew. Chem. Inter-  
natl. Edit., 7., 942 ( 1968).
(44) iA). S. Knouules. (Y). J. S a b a c k v  and B. D. V i n e yard, Ann. 
N. Y. Acad. Sci., 172, 223 (1970).
(45) J. L. Parsons, Ph.D. Thesis, W e s t e r n  M i c h i g a n  U n i v e r ­
sity, (1969).
(46) T. P. D a n o  and H. B. Kaaan, J. Chem. Soc., D, 481 
(1971).
(47) P. A b i e v  and F. J. M c Q u i l l a n ,  ibid., 477 (1969).
(48) P. A b i e v  and F. J. M c Q u i l l a n ,  J. Chem. Soc., C, 844 
(1971).
(49) J. M e i s e n h e i m e r  and L. L i c h e n s t a d t .  Chem. Ber., 44, 356 
(1911).
(50) K. F. Kumli, W. E. McEuien and C. A. Vander Werf, _J. 
Amer. Chem. Soc., 81, 248 (1959)
(51) L. Horner, H. Winkler, A. Rapp, A. Me n t r u p  and P. Beck, 
T e t r a h e d r o n  Lett., 965 (1963).
(52) L. H o r n e r  and H. Winkler, ibid., 3265 (1964).
(53) L. H o r n e r  and W. D. Balzer. ibid., 1157 (1965).
(54) L. Hnrner, H. Fuchs. H. W i n k l e r  a n d  A. Rapp, ibid., 965 
(1963).
6 2
0. Korpi u n ,  R. A. Lewis, J. Ch i c k o s  and K. Mislow,
J. Amer. Chem. Soc., 90, 4842 (1968).
■ 1 ✓v/
T. L. E m m i c k  a n d  R. L. L e t s i n g e r ,  i b i d . , 90, 3459 
(1968) .
G. M. K o s o l a p o f f ,  Q r o a n o p h o s p h o r u s  C o m p o u n d s , (New York: 
Joh n  W i l e y  a n d  Sons, Inc., 1950).
N. 5. Bhacca, P r i v a t e  c o m m u n i c a t i o n .
Ui. H. G l a z e  and C. M. Selman, J . O r q . Chem. , 33, 1987
(1968).
R. Cramer. Inoro. Chem., 1, 722 (1962).
C. D j e r a s s i  a n d  J. Gutzwiller, J. Amer. Chem. S o c . , 88, 
(4537 (1966).
Y. Chev a l l i e r .  R. Sternand, L. Sajus, T e t r a h e d r o n  Lett. , 
1197 (1969).
A. (ti. A g uiar, J. B e i s l e r  and A. lYiills, J . O r q . C h e m . ,
27, 1001 (1962).
A. (VI. A g u i a r  a n d  T. G. A r c h i b a l d ,  T e t r a h e d r o n  L e t t . ,
5541 (1966).
R. H. P i c k a r d  a n d  J. Kenyon, J . Chem. S o c . , 91, 2058 
(1907).
H. 14. R. Hoffman, ibid. , 1249 (1964).
A. C. Cope, C. R. Ganellin, H. W • Johnson, Jr., T. I/.
Van Auken, a n d  H. J. S. Winkler, J. Amer. Chem. S o c . ,
85, 3276 (1963).
D. J. Cram, i b i d . , 74, 2137 (1952).
R. (ViacLeod, F. J. Wel c h  and H. S. Mosher, i b i d . , 82, 876
(1960).
J. S. B i r t w h i s t l e ,  K. Lee, J. D. Morrison, W. A.
S a n d e r s o n  a n d  H. S. Mosher, J . Pro. C h e m . , 29, 37 
(1964). ^
J. G. Smith and G. F. Wright, i b i d . . 17, 1116 (1952).
G. R. A m e s  a n d  W. Davey, J . Chem. S o c . , 1794 (1958).
C. Sandris, T e t r a h e d r o n  L e t t . , 24, 3569 (1968).
R. Cramer, I n o r q . C h e m . . 1, 722 (1962).
(75) J. P. B a k s h i  and E. E. Turner, J. Chem. S o c . . 171
(1961).
(76) (0. B. W a t s o n  a n d  G. W. Youngson, J. Chem. S o c . . C, 258
(1968).
(77) R. H. P i c k a r d  and J. Yates, J. Chem. 5 o c . f 95, 1011
(1909). ^
(78) R. Rossi and P. D i v e r s i ,  Gazz. Chim. I t a l . , 98, 1391
(1968). ^
(79) R. W. Ridguiay, Ph.D. Thesis, The U n i v e r s i t y  of New
H a mpshire, (1969).
